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Abstract 
 
This research aims to develop a systematic life cycle assessment approach for alternative 
technologies for converting UK’s municipal solid waste (MSW) to energy and chemicals.  
The study focuses on seven scenarios, which are combustion, gasification, methanol 
synthesis, indirect dimethyl ether (DME) synthesis, direct DME synthesis, solid oxide 
fuel cell (SOFC) and methanation. The LCA model is developed based on one ton of 
MSW where three waste compositions are considered. The environmental impacts are 
evaluated by SimaPro software using IMPACT 2002+ method and Ecoinvent 3 as 
database. This work does not consider on the MSW collection and transportation, the 
plant construction and uncertainty of the MSW. The syngas composition employed in this 
study is predicted from a non-stoichiometric equilibrium gasification model using 
Lagrange multiplier and Gibb’s free energy minimisation approach, which is simulated in 
MATLAB software. Moreover, a dynamic  kinetic model based on the reactions in the 
gasification is also developed and simulated. The model output is compared to the 
experimental results and the parameters enhanced  using two estimability analysis 
approaches. The environmental impact results show that the SOFC process has the least 
impact on most end-point categories for the base case of the waste composition (MSW 1) 
because it can generate the highest amount of electricity. The other two waste 
compositions are also compared and found that in case of the second MSW composition 
(MSW 2), SOFC is in the most environmentally friendly based on the end-point impact 
categories. For the third composition (MSW 3), the direct DME synthesis becomes the 
top technology  in the human health, whereas SOFC is still the top in the climate change 
and resource categories.  The methanation always has the lowest ecosystem quality 
impact. A sensitivity analysis is performed by increasing the total yields for methanol, 
indirect and direct DME synthesis. It appears that when the total yield increases from 0.4 
to be 0.6, all three processes have lower global warming (GW) impact, because there are 
more carbon atoms converted to methanol and DME in the process, but still more than 
SOFC process. A techno-economic analysis is also carried out for each  scenario. It is 
found that the net present value (NPV) from SOFC process are always higher than other 
process when the waste capacity is more than 160 kilotons per annum for MSW 1 and 
MSW 2. However, the direct DME synthesis has higher  NPV than the SOFC in case of 
MSW 3. Lastly, a multi-objective optimisation is performed to help achieve a more 
holistic decision making on these scenarios by using 𝜖𝜖-constraint method that consists in 
ii 
 
 maximising the NPV and minimising the global warming potential (GW). The results 
confirm that the SOFC is the optimal technology for both MSW 1 and MSW 2 (in the 
capacity ranges of 84-481 kton MSW 1 per year and 92-602 kton MSW 2 per year). For 
MSW 3, SOFC is the optimal process in  the range between 36-103 kton CO2 eq. per year 
(capacity 59-168 kton MSW 3 per year) and the direct DME synthesis is the optimal 
technology in the range between 214-678 kton CO2 eq. per year (capacity 218-691 kton 
MSW per year).  
 
Keywords: Municipal solid waste, waste-to-energy, waste-to-chemicals, life cycle 
assessment, estimability, techno-economic analysis, multi-objective optimisation, mixed-
integer nonlinear programming 
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Chapter 1 Introduction 
 
This chapter outlines some of the global key issues inherent to the current world’s energy 
demand and the growing amount of municipal solid waste (MSW) and potential ways to 
address some of them by using  alternative energy resource. Furthermore, it discusses the 
main motivation that led this research to the MSW valorisation by converting MSW to 
valuable chemical and energy alongside the objective and scope of this research.  
 
1.1 Problem statement 
 
The world energy demand has dramatically increased over the last decades. In 2014, 
the global oil consumption rate was 4,211.1 million tonnes per day (92,086 thousand 
barrels per day) and the global natural gas consumption rate was 3,065.5 million tonnes 
oil equivalent per day. This number raised from 2013 at a rate of 0.8% of oil consumption 
and 1.6% of natural gas. In the UK, the oil consumption rate was   69.3 million tonnes per 
day (1,501 thousand barrels per day) and the gas consumption rate was 32.9 million 
tonnes oil equivalent per day in 2014. The rate of gas consumption has also increased 
from 2013 at 0.4%, though the oil consumption rate is stable compare to 2013. This is an 
evidence that the world still needs more energy, while the fossil fuel resource is depleting 
every day. It is an urgent to find new energy resources to address this problem (BP, 
2015).  
Meanwhile, the number of municipal solid waste (MSW) also increased rapidly in many 
parts of the world because of the population growth. The global MSW generation rate 
was 1.3 billion tonnes in 2012 and it has increased at an average rate of 1.2 kg per capita 
per day. It is predicted to raise up to 2.2 billion tonnes in 2025 and 4.2 billion tonnes in 
2050 (Kumar and Samadder, 2017). In the USA only, 230 million tonnes of MSW were 
generated in 2013 amongst which nearly 53%   were sent to the landfill (Niziolek et al., 
2017). In China, the amount of MSW produced is more than 150 million tonnes per year 
and about 55% of them are sent to the landfill and composting (Yang et al., 2012). The 
total amount of MSW generated in 27 EU countries also exceeds 240 million tonnes each 
year.   In the UK, the amount of the MSW generated was about 31 million tonnes per year 
in 2017. Around 45% are sent to the recycling process, 11.5 million tonnes are employed 
for the energy recovery section and about 5.2 million tonnes are sent to landfill. 
These amounts MSW sent to  landfill in the UK are still much higher than many countries 
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in Europe, such as Portugal (2.4 million tonnes), Romania (3.8 million tonnes) 
and Germany (450 thousand tonnes) (Eurostat, 2019).    
 
Municipal solid waste (MSW) is the solid waste produced from the household, 
commercial and institutional sections, which comprises some organic wastes (food and 
yard waste), paper, plastic, glass, metals, textiles, e-waste and any other materials 
(USEPA, 2014) (Pan et al., 2015). Generally, MSW does not include industrial, 
hazardous and construction waste, however it is possible to find these kinds of waste 
mixed with MSW in some cases. (USEPA, 2011) (Saha and Roy, 2011). 
 
The MSW composition varies significantly depending on the locations and the living 
conditions. Figure 1.1 shows different MSW compositions in different regions of the 
world. It is worth noting that the composition of waste produced in the OECD countries 
has less organic waste than MSW from other parts of the world, while the MSW produced 
in South Asia countries has more miscellaneous waste than the other regions. This is an 
important factor to be considered in the waste management (Leckner, 2015).   
 
 
 
Figure 1.1. Composition of MSW in different regions of the world (Hoornweg and 
Bhada-Tata, 2012). 
 
An improper treatment of MSW may cause many environmental problems such as air 
pollution (from landfill gas), climate change (from greenhouse gas emission), ozone 
depletion (from halocarbon emission), and many ecosystem damages on soil, surface and 
ground water due to metal wastes(Laurent et al., 2014) (Herva et al., 2014). It is also the 
cause of many sanitary problems which affect the human health from the exposure to 
chemicals during the collection and might become an origin of some epidemic diseases 
(Marshall and Farahbakhsh, 2013).   
OECD Countries South Asia Countries Latin America Countries 
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According to the European strategy for waste management, it is necessary to follow the 
hierarchy of solid waste management, which takes the waste prevention as the priority, 
then followed by reuse, recycling, recovery and disposal or landfill (Lombardi et al., 
2015). A practical solid waste management hierarchy can be shown in figure 1.2 (Smith 
et al., 2015). In case of MSW, it is very difficult to reduce the waste at the source since 
people regularly dispose their unwanted materials, thus the amount of MSW always 
increases everyday as referred previously. Material recovery and recycling rate can be 
raised up by the complex waste collection and separation systems. However, there are 
still large amounts of MSW left from the sorting process and they adequate treatment  
(Brunner and Rechberger, 2015). 
 
 
Figure 1.2 Waste management hierarchy (Smith, et al., 2015) 
 
Instead of disposing the residual waste in a landfill site, which is the conventional way to 
treat waste, there is the better alternative which consists in converting them  into energy 
resource. Waste-to-energy (WTE) is a method used to convert waste to electricity or heat. 
This process plays an important role in the current waste management and is gaining 
more interest nowadays. It can reduce the dependence on fossil fuel. This concept has 
changed the way to think of waste as a burden and focus on just eliminate it to be an 
alternative energy resource (Astrup, et al., 2015). 
 
MSW is considered to be one of the second generation of biofuels since it is not derived 
from food crops (Sikarwar et al., 2017). It has a potential to be an energy resource and it 
can be employed for electricity and heat generation because it comprises many 
combustible materials (Ng et al., 2014).  The lower heating value (LHV) or net calorific 
value (NCV) of MSW in EU is around 10-10.3 MJ/kg from 2001 to 2010, which  is   high 
Reduce / Reuse
Recycle / 
Compost 
Energy 
Recovery
Disposal
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 enough for the MSW to be combusted as fuel (higher than 3 MJ/kg) (Reimann, 2012). 
There are a plenty of WTE technologies that are effective to recover energy from MSW 
as described in the next chapter. 
 
Furthermore, MSW can also be valorised to produce  many valuable products by 
converting the syngas obtained from the gasification processes. This option has received a 
growing interest in academia, industry alongside the policy makers. The production of 
high value chemicals is one the most attractive options. For example, methanol, which 
represents an important chemical that can be used in various applications, can be 
produced from syngas. Dimethyl ether (DME) represents a potential fuel that can 
substitute liquid petroleum gas (LPG). DME can be synthesised from methanol (indirect 
synthesis) or directly from syngas (direct synthesis) (Larson and Tingjin, 2003). Both 
methanol and DME can be produced from the syngas from the gasification process using 
MSW as feedstock (Suhaj et al., 2017). Solid oxide fuel cell (SOFC) is also an attractive 
technology that can convert syngas to the electricity efficiently with low emissions 
(Buonomano et al., 2015). This technology can be applied to WTE system (Din and 
Zainal, 2016). Finally, methane is also an important fuel for many applications such as 
transportation and the polymer process. It can be produced from syngas, which is derived 
from biomass or MSW (Tagliaferri et al., 2016), through the methanation process 
(Ronsch et al., 2016).  
 
These technologies represent a very interesting case study for the Waste-to-energy and 
waste valorisation approach. However, there has been no reported research work that 
compared systematically all these alternatives together, to identify which one is the most 
preferable option in terms of both the economic and environmental performances as 
described at the end of chapter 2. Moreover, there is still no evidence to prove that these 
technologies are better than the conventional waste-to-energy technologies, such as 
combustion and gasification process, for both the economic and environmental 
perspectives. Therefore, these different waste-to-chemicals and waste-to-energy options 
are compared in terms of environmental and economic performance. The different 
scenarios are also optimised to identify a suitable option for power generation and 
chemicals production from the UK MSW.    
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1.2 Research objective 
 
The overall aim of this research is to investigate the techno-economic and environmental 
performances of several waste-to-energy and waste-to-chemicals technologies with a 
view to determine the optimal waste management option in the UK. In order to achieve 
this goal, this research has the following specific goal: 
1. A comparative environmental impact assessment of seven key waste-to-energy 
and chemicals scenarios, which are the combustion, gasification, methanol synthesis, 
indirect dimethyl ether (DME) synthesis, direct dimethyl ether synthesis, solid oxide fuel 
cell (SOFC) and methanation processes, is developed employing life cycle assessment 
(LCA) approach based on one ton of the UK waste composition as the functional unit.  
2. The economic analysis of these scenarios is conducted in terms of net present 
value (NPV).  
3. A multi-objective optimisation model-based on these scenarios is developed and 
solved in order to maximise an economic value (NPV) and minimise a key environmental 
impact indicator (global warming, GW), to find out  the most suitable option for MSW 
management in the UK.   
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Chapter 2 Literature review 
 
This chapter will review the current waste management technologies including the 
production of alternative energy resources from municipal solid waste (MSW). The 
chapter will also discuss all waste-to-energy (WTE) technologies, their inherent 
advantages and disadvantages. Moreover, the concepts of waste-to-chemical are also 
introduced and reviewed. Finally, the life cycle assessment (LCA) is introduced as a tool 
to analyse and compare the environmental effects of these technologies. 
 
2.1 Historical and current waste management 
 
 The first historical site for municipal dump in the Western countries was reported 
Athens, Greece in 500 BC. There is also a mention of a dumping place called “Sheol” 
outside Jerusalem in the New Testament of the Bible. In the UK, the English parliament 
legislated the first law about the waste disposal in the public canals in 1388.  In 1874, a 
new technology called “The Destructor” was introduced to incinerate waste in 
Nottingham and this technology was also transferred to t USA in 1885. However, 
landfilling was still the most employed method for disposal of waste generated by 
humans (Young, 2010). 
 
Nowadays, nearly 75% of all waste generated globally are disposed in landfill sites and 
the rest is sent to recycling processes and energy recovery from waste (Hadidi and Omer, 
2017). Recently, the European Commission has set a new target and intend to achieve a 
waste recycling rate of 65% and reduce landfilling to less than 10% by 2030 (Cecere and 
Corrocher, 2016). The remaining waste should be sent to the energy recovery sector. 
Therefore, it is necessary to identify cost effective and optimal technologies to achieve 
these key objectives. 
 
Currently, there are two main technologies for managing and utilizing MSW left from the 
recycling process. The first represents the category of the  thermochemical or thermal 
processes (incineration, pyrolysis and gasification) and the second the biochemical or 
biological processes (composting, anaerobic digestion and landfilling with biogas 
recovery), as shown in figure 2.1 (Kumar and Samadder, 2017). Each technology may 
yield different valuable products as summarised in figure 2.2. Besides the energy 
(electricity and heat), the MSW can be converted to many high value products such as 
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methanol, dimethyl ether (DME), olefins and gasoline via syngas upgrading (Sikarwar et 
al., 2017). These processes and associated products are described in more details  in the 
next section. 
 
 
Figure 2.1 Current waste-to-energy technologies (Leckner, 2015). 
 
The composition of waste is also a vital factor to be considered to select the most suitable 
option for waste management (Yadav and Samadder, 2017). In practice, the waste 
composition is analysed according to two methods: proximate analysis and ultimate 
analysis. The proximate analysis shows the percentage of moisture content, inorganic 
composition (ash), combustible substances in a gaseous state (volatile matter) and 
combustible in solid state (fixed carbon) of the waste.  If the waste has a large fraction of 
volatile matter and fixed carbon, it can provide more heating value than the waste with 
lower volatile matter and fixed carbon ratio (Din and Zainal, 2016). The ultimate analysis 
shows the elemental composition of the waste, but it is often more difficult to obtain 
compared to  the proximate analysis.  
 
A waste with high moisture and organic fraction is more suitable to be treated by the 
biological process route. On the other hand, a solid waste with low moisture and less 
organic fraction is more appropriate to be treated by the thermochemical process due to 
its high calorific value. Most of the MSW from developing countries always contain 
lower net calorific value (2-10 MJ/kg) than MSW from developed countries (8-13 MJ/kg) 
(Kumar and Samadder, 2017). As a consequence, the unsorted UK waste, which contains 
an organic fraction lower than 40% as shown in table 2.1, should be preferably treated by 
 the thermal processes.
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Figure 2.2 Current waste-to-energy technologies and their products. 
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Table 2.1 The UK average waste composition (Evangelisti et al., 2015a). 
Waste fractions (% as received) Ultimate analysis (dry ash free basis) 
Paper 22.7 % C 49.7 
Wood 3.7 % H 6.1 
Textile 2.8 % O 42 
Plastics 10 % N 1.2 
Organic 35.3 % S 0.3 
Metals 4.3 % Cl 0.7 
Glass 6.6 % Ash 12.5 
Electrical and 
electronic equipment 
(WEEE) 
2.2 % Moisture 40 
Inert/aggregates 5.3 Lower heating 
value (LHV)  
9 MJ/kg 
Miscellaneous 7.1   
    
 
 
2.2 Waste-to-energy (WTE) technologies 
 
As discussed earlier, there are two main routes to convert MSW to energy: the 
thermochemical processes (incineration, pyrolysis and gasification) and the biochemical 
processes (anaerobic digestion and landfilling with biogas recovery). The thermochemical 
processes employ high temperature to change the molecular structure of the waste 
materials to produce heat, gas or oil (Nixon et al., 2013a). The main differences between 
these thermal processes are the amount of oxygen fed into the system; The incineration 
requires oxygen excess whereas the gasification requires limited oxygen and the pyrolysis 
requires no oxygen. As such, the quantity of oxygen fed to the system determines the 
main products obtained from each process as shown in equation (2.1) to equation (2.3) 
(Reed and Das, 1998). 
 
  Incineration:  Biomass + excess O2      CO2+ H2O   (2.1) 
  Gasification:  Biomass + limited O2        Syngas (CO + H2)  (2.2) 
  Pyrolysis:  Biomass + Heat      Charcoal, bio-oil, gas  (2.3) 
 
The heat is the main useful products obtained from the incineration process, whereas the 
gasification process produces both heat and syngas (mainly carbon monoxide and 
hydrogen) which is a high value fuel gas. The main products obtained from pyrolysis are 
charcoal, bio-oil and gas. In this case, the percentage of each product depends on the 
operating conditions (Leckner, 2015). 
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The biochemical or biological processes generate biogas from the decomposition of waste 
by microorganisms.  The main products obtained from this type of processes are biogas, 
which are composed of methane and hydrogen. There is also some ethanol and butanol 
obtained from the process (Nixon et al., 2013a). Further details are discussed in the 
following sections.  
2.2.1 Incineration or combustion 
This technology is currently the most widespread thermal process of WTE systems 
in the world since it can reduce MSW 70% by mass and 90% by volume approximately. 
Moreover, it can produce heat for electricity generation with a net electrical efficiency 
around 15% in the incineration plants in the EU (Nixon et al., 2013a). This process can 
also apply to many types of waste such as MSW, solid refused fuel (SRF), industrial 
waste (IW) and industrial hazardous waste (IHW) (Lombardi et al., 2015).  
 
Incinerators were first employed in the 18th century to eliminate the wastes from 
agricultural fields.   Later, they were applied to reduce the volume of MSW in large cities 
such as London and Hamburg. The first generation of incinerators was very simple and 
was composed of furnace and stack besides it was not developed energy recovery. In 
early 1900s, the incinerators were developed to produce steam and electricity from MSW 
and undergone significant improvements over the last 2 centuries (Brunner and 
Rechberger, 2015). The modern incineration process has the general layout shown in 
figure 2.3. 
 
 
Figure 2.3 The incineration process for thermal WTE (Leckner, 2015). 
 
As shown in figure 2.3, MSW is fed to the separation plant in order to identify and 
recover recyclable materials such as plastic, metals and glasses. The residue is burnt in 
the combustion step to generate heat, ashes, and hot gas. The ashes are separated and 
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disposed in landfill whereas the gas is cleaned before being released to the atmosphere. 
The heat energy obtained from the combustion process is employed to boil water as part 
of the steam cycle for the co-generation of heat and power (CHP), as shown in figure 2.4. 
 
In figure 2.4, superheated steam, which is produced by the heat from incineration process, 
flows through a steam turbine to generate electricity. The residual steam is sent to  a heat 
exchanger to recover the residual heat then condensed to water and sent back to steam 
generator. This CHP is currently considered as the most efficient process for power and 
heat generation (Lombardi et al., 2015). 
 
 
 
Figure 2.4 Simplified layout of steam cycles for the cogeneration of heat and electricity 
(Lombardi et al., 2015). 
 
There are three main types of incinerators which are grate firing, fluidised bed and rotary 
kiln. The grate or moving bed incinerator is the most common and widely employed. As 
shown in figure 2.5, the gate incinerator consists of a fuel chute, which is the inlet of 
waste that is pushed onto the grate by a feed mechanism. The fuel moves along the grate 
at an approximate speed of 0.1 m/min and is burned by the flame inside the reactor. The 
flue gas produced from the combustion carries the heat and flows out to the boiler at the 
top of the reactor, while the ash residue from the process falls down to the bottom where 
it is collected then transported to landfill (Leckner, 2015).  
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The fluidised bed (FB) combustor is similar to the mobile grate except that it contains an 
inert fluidised bed with particle size around 0.5 mm which is mixed with fuel and ashes 
from waste. This bed can greatly increase heat transfer inside the combustor, as shown in 
figure 2.6.  However, this process can be applied only to the type of waste that exhibits 
homogeneous particle size distribution (Lombardi et al., 2015). This process also needs a 
cyclone to collect the bed particles which may flow out with the flue gas.  
 
 
Figure 2.5 Grate (moving bed) combustor (Leckner, 2015). 
 
The rotary kiln is mostly employed for combustion of hazardous waste since it operates at 
a higher temperature (1500 oC) than the moving grate (1250 oC) and FB (800-900 oC) 
(Lombardi et al., 2015). It comprises a cylindrical steel vessel (10 m long) and diameter 
(2-3 m). The combustion vessel is inclined a few degrees horizontally and rotates at the 
speed between 0.05 to 2 rotation per minutes. Waste is fed at one side and it slowly 
moves down through the flame to the other side where the ashes leave, as shown in figure 
2.7.  However, the heat transfer inside the vessel is not good and there is also a large 
amount of heat loss from the process of nearlt 10%. As a result, it is always used as a pre-
converter followed by other types of combustors (Leckner, 2015). 
In the UK, there are 25 operational plants and most of them are grate incineration 
plantsprocessing 56000 to 500000 Mg per year with a net energy efficiency of 21-24% 
for only electricity generation and 31% for the CHP system (Nixon et al., 2013b). The 
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amount of waste treated by incineration has increased from 12% in 2011 to 17% in 2012, 
while the waste sent to landfill has decreased from 49% in 2011 to 37% in 2012 (Yay, 
2015). 
 
Figure 2.6 Fluidised bed combustor (Leckner, 2015). 
 
Figure 2.7 Rotary kiln with post combustor (Leckner, 2015). 
 
It is generally broadly accepted that the combustion technology is the most widespread 
thermal process of WTE systems in the world due its operation simplicity (Leckner, 
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2015). However, there are also other effective technologies that received more interest, 
for example, the gasification process because it can also process any variety of wastes, 
including bottom ash from the combustion (Arena, 2012). Therefore, it is necessary to 
investigate further other technologies.    
  
2.2.2 Gasification 
The gasification is a process that can convert the organic compounds into synthesis 
gas (syngas) which consists of carbon monoxide (CO), hydrogen (H2), carbon dioxide 
(CO2) and methane (CH4). The conversion can be achieved at a temperature higher than 
600 oC in the presence of limited oxygen; lower than the requirement for the 
stoichiometric combustion (Arafat and Jijakli, 2013).  Since the produced syngas contains 
several incomplete oxidised products as mentioned earlier, it provides a high calorific 
value and has a potential to be employed as fuel in many processes. This are the main 
advantages of the gasification process compared to the combustion, which can produce 
hot flue gas only (Arena, 2012). LHV of syngas produced from the gasification using air 
as a medium is around 4-7 MJ/m3, while using oxygen-enriched as medium can reach a 
range of 10-15 MJ/m3.  If steam is employed as the media, LHV of the syngas rises up to 
15-20 MJ/m3 because more hydrogen gas is produced in the syngas (Lombardi et al., 
2015). The cleaned and purified syngas can also be converted to liquid fuel through 
Fischer - Tropsch process and as such, it can be fed directly into any internal combustion 
engine (Pan et al., 2015).  
 
The general process of gasification can be shown in figure 2.8. It can be seen that most of 
the gasification processes are similar to the incineration processes, except for the amount 
of oxygen fed and the final product obtained.  While incineration generates electricity 
through the steam cycles by employing just the heat to boil water, gasification produces 
syngas that can be used in an internally fired cycle, which generally has more efficiency 
than the steam cycles (Lombardi et al., 2015). However, there are also some limitations to 
employ the syngas; there are some contaminants in the produced gases, i.e. tar, dust, 
alkalis, heavy metals and SO2 which have to be treated before using the product as fuel. 
Therefore, the gas cleaning process for gasification should be more efficient than for 
incineration process, which also increases the capital and operating costs (Arena, 2012). 
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Figure 2.8 General diagramme of for the gasification root (Leckner, 2015). 
 
 
There are two configurations for electricity generation from gasification process: heat 
gasifier and power gasifier, as shown in figure 2.9 and figure 2.10 respectively. For the 
heat gasifier, the produced gas from the gasification unit is combusted in another 
combustor to obtain heat to boil water in the steam cycle. In case of power gasifier, the 
producer gas is cleaned by a gas cleaning process to remove tar and some particulates 
material, then fed to a gas engine or a gas turbine, as fuel gas, to produce electricity. 
Power gasifier configuration is proved to have more efficiency than the heat gasifier 
configuration (Arena et al. 2011). 
 
 
Figure 2.9 Heat gasifier (Arena et al., 2011) 
 
Currently, there are five types of gasification technologies that can applied to energy 
recovery from biomass and waste: fixed bed gasifiers (updraft and downdraft), bubbling 
and circulating fluidised bed gasifiers, entrained flow gasifiers, rotary kiln gasifiers and 
plasma gasifiers.  
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Figure 2.10 Power gasifier (Arena et al., 2011) 
 
2.2.2.1 Fixed-bed gasifiers (updraft and downdraft) 
This type of gasifier is the simplest one. There are two types that can be classified by the 
direction in which raw material is fed and the flow direction of the gasification medium. 
In the updraft type, the waste or biomass are fed at the top of the reactor while the 
oxidising agent (air, pure oxygen or steam) is fed at the bottom. The fuel falls to the 
bottom and the produced gas leaves at the top, as shown in figure 2.11. For the downdraft 
type, the waste is fed from the top of the gasifiers and the medium are also fed at the top 
or the side. The material and oxidation agents move along together and react as shown in 
figure 2.12. The syngas also leaves by the side of the reactor. 
 
Figure 2.11. Fixed-bed updraft gasifier (Chamco, 2015). 
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Figure 2.12 Fixed-bed downdraft gasifier (Wastesyn, 2015) 
 
During the operation, the gasifier can be divided into 4 operating areas which are the 
drying zone, pyrolysis zone, gasification or reduction zone, and oxidation zone.  The 
reactions taking place in each zone are also different. In the drying zone, some moisture 
and volatile matters are removed from the feedstock. In the pyrolysis zone, the material 
reacts without the presence of oxidising agents and the main reactions taking place here 
are the decomposition reactions of tar and hydrocarbon, as shown in equations (2.4) and 
(2.5). 
 
PCxHy        qCnHm + r H2  Dehydrogenation  (2.4) 
CnHm         nC + (m/2) H2 Carbonization   (2.5) 
 
In the gasification zone, there are many reactions occurring in this zone involving each 
reducing agent as follows: 
 
Reactions involving steam: 
     C + H2O          CO + H2  Water-gas reaction  (2.6) 
       CO+H2O       CO2+H2   Water-gas shift reaction (2.7) 
        CH4+H2O             CO+ 3H2    Steam methane reforming (2.8) 
             CnHm+ nH2O           nCO+ (n+m/2) H2 Steam reforming   (2.9) 
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Reactions involving hydrogen: 
C + 2H2          CH4  Hydrogasification  (2.10)  
          CO + 3H2                 CH4+H2O  Methanation    (2.11) 
 
Reactions involving carbon monoxide: 
C + CO2          2CO        Boudouard reaction  (2.12) 
      CnHm+ nCO2         2nCO+ (m/2) H2    Dry reforming   (2.13) 
 
In the oxidation zone, all the reactions occur here are involve oxygen 
C + ½ O2        CO   Carbon partial oxidation (2.14) 
          CO + ½ O2        CO2   Carbon monoxide oxidation (2.15)  
         C + O2       CO2  Carbon oxidation  (2.16) 
           H2 + ½ O2         H2O  Hydrogen oxidation  (2.17) 
  CnHm + (n/2) O2               nCO + (m/2) H2  CnHm partial oxidation  (2.18) 
 
It can be seen that there are many reactions occurring inside the gasifier. As a result, the 
composition of the produced gas can fluctuate significantly depending on various 
parameters such as the residence time of waste and gas inside the reactor, the reactor 
temperature (between 600-1700 oC), the ratio between oxygen content in oxidant supply 
that is required for complete stoichiometries or equivalent ratio (ER), the waste 
composition and physical properties, the composition and inlet temperature of gasifying 
medium. 
 
When comparing the two types of gasifiers, it is found that downdraft gasifiers can 
produce higher quality syngas and lower tar than the updraft type.  It has also a better heat 
transfer inside of the reactor. However, the incoming waste particle size should be smaller 
than 100 mm and the initial moisture should be less than 20%, so it is necessary to have a 
pre-treatment step in order to reduce the size and the moisture content of the waste.     
 
2.2.2.2 Bubbling and circulating fluidised bed gasifiers 
In this case, the bed such as silica sand or olivine is placed at the bottom of the reactor 
along with the waste and then they are blown upward by the oxidising agent (air, oxygen 
or steam) that is blown through a distributor plate at the gas velocity higher than the 
minimum fluidisation velocity (1 m/s). All the waste, bed and ashes are circulated in the 
fluid-like behaviour, which allows the mixing of the produced gas and solid contact to 
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increase the heat transfer efficiency. The operating temperature for this type of process is 
around 550-1000 oC and the residence time for each loop is just a few seconds.   This 
system also needs a cyclone to collect bed and ashes from the syngas, as shown in figure 
2.13.    
 
 
 
 
  
 
 
 
 
 
 
 
Figure 2.13. Circulating fluidised bed gasifier (Brighthub, 2015). 
 
This type of reactor is very flexible for incineration, gasification and pyrolysis with or 
without catalyst.  It also has a very high heat and mass transfer efficiency with almost a 
constant temperature along the vertical direction. However, the waste particle size to be 
processed in this process must not be larger than 150 mm and should be in a uniform 
morphology with a moisture content less than 55%.  
 
2.2.2.3 Entrained flow gasifiers 
This reactor operates at a high pressure (>25 bar). The particle size of the feedstock 
should be less than 1 mm and it is mixed with water at the concentration higher than 60%, 
to become a slurry state. The slurry is fed to the reactor with pressurized oxygen and then 
is burned by a turbulent flame at the top to provide heat at a temperature in the range 
between 1200 to 1500 oC, as shown in figure 2.14.  This very high heat can convert waste 
into a high-quality syngas, while the ashes melt down through the bottom of the reactor 
and become a molten slag.  This slag is quenched and encapsulated.  
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Figure 2.14. Entrained flow gasifier (Hvigastech, 2015) 
 
Although this process is suitable for operating in continuous mode, its flexibility is very 
limited. The size and energy content of feedstock must be in a narrow range. It also has a 
poor heat exchange since it is dominated by radiation.   
  
2.2.2.4 Rotary kiln gasifiers 
This process is similar to the rotary kiln combustion as the MSW moves into the high 
temperature reaction zone in the vessel and leaves the process at the other end. There is 
also a mixing of solids during the reaction, as shown in figure 2.15. 
 
 
 
 
 
  
 
 
 
 
 
Figure 2.15. Rotary kiln gasifier (SNHI, 2015). 
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This process can treat any kind of waste with the conversion efficiency more than 90% 
and the temperature inside the reactor is very high, as described earlier. However, it has a 
very poor heat exchange so that the temperature inside the cylindrical is not constant. It 
also takes quite a long processing time (1-2 hours) and its flexibility is very limited. 
 
2.2.2.5 Plasma gasifiers 
Plasma gasification is considered as an effective method for energy recovery and solid 
waste treatment, including hazardous waste. This technique employs a plasma torch, 
which is generated by transmitting a high electric current between two electrodes in the 
presence of gas media which produces a very high temperature field due to the gas’ low 
conductivity.  Since the plasma arc has a very high temperature (1500-5000 oC), it can 
destroy all chemical bonds and completely decompose all the organic and inorganic 
substances, converting them into high quality syngas and vitrified slag in the form of 
glass aggregate (Janareh et al., 2013).  
 
In this system, waste fed at the top of the reactor meet the plasma, which is located at the 
bottom, to produce syngas and melting slag. The produced gas leaves the unit at the top 
side while slag emerges at the unit’s bottom, as shown in figure 2.16.   
 
 
Figure 2.16 Plasma gasifier (Lloydminster, 2015) 
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The advantages of this process are that it can convert every type of waste, regardless the 
particle size of feedstock, at a 100% conversion. It also utilises a small gasifier size and 
the heat efficiency is very high as it is dominated by radiation.  Nevertheless, this process 
requires very high electrical consumption which may reach 15-20% of the gross power 
output of the plant (Arena, 2012). 
  
These are the advantages of gasification compared to combustion (Arena, 2012). 
 Gasification produces an intermediate product (syngas), which is more suitable for 
a wide range of applications. 
 Higher efficiency conversion when waste is burned in a power generation system. 
 It can be used in small scale power generation system. 
 It has a lower operating temperature (600-1000 oC) than the incineration (> 1000 
oC), which can reduce alkali and heavy metal volatilisation.   
 Less emissions of dioxins, furans and NOx.  
2.2.3 Pyrolysis 
The pyrolysis is the thermochemical conversion process that uses heat only and 
requires no oxygen. This technology produces many types of products such as charcoal, 
oil and gas, which can be potentially used as fuel in an appropriate energy conversion 
device.  However, this technology is not widely employed in the waste-to-energy 
application since it really needs a very specific and homogeneous waste to produce good 
quality products (Evangelisti et al., 2015b). The general process of pyrolysis is usually 
combined with other energy recovery units such as combustion or gasification, as shown 
in figure 2.17. 
 
Figure 2.17 General pyrolysis process combined with combustion (Leckner, 2015). 
 
From figure 2.17, the inlet waste is sorted at the plant separation and is fed to pyrolysis 
unit. The heat from the outside source is supplied to the process to maintain the 
temperature inside the reactor at around 550-600 oC.   The ashes are separated from the 
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products and they are employed as fuel in the combustion unit to produce heat for steam-
cycle process. 
2.2.4 Anaerobic digestion (AD) 
Anaerobic digestion is a biochemical process that can produce biogas (mainly 
methane) from the biodegradation of organic compounds in the absence of oxygen by 
microorganisms (Nixon et al., 2013a). This technique is often employed as a pre-treat for 
the organic fraction of MSW to reduce the total volume of the waste and recover some 
energy in the form of biogas. (Arafat et al., 2015). 
 
Although this technology is considered as the best treatment option in terms of total CO2 
and SO2 saved, it can be applied to the waste with high moisture and bio-degradable 
content only (Evangelisti et al., 2014). In case of dry waste with a lower concentration of 
bio-degradable material, the thermochemical processes are preferable. It also requires 
much longer processing time (15-30 days) compared to the thermal process (Nixon et al., 
2013a).  
2.2.5 Solid oxide fuel cell (SOFC) 
Fuel cell is a promising energy conversion technology that can directly convert 
energy from fuel to electricity based on electrochemical reaction with high electrical 
efficiency (Din and Zainal, 2016). There is no required combustion reaction in this 
process, therefore, it tends to release lower emission because it mainly produces carbon 
dioxide and water (Larminie and Dicks, 2004). It can also be used in a small-scale power 
plant (less than 1 kW) or larger scale of more than 10 MW (McPhail et al., 2011). 
Amongst all types offuel cells, the solid oxide fuel cell (SOFC) is the most attractive type 
(Buonomano et al, 2015). It is a high temperature fuel cell type and it is able to employ 
hydrogen, methane and carbon monoxide as fuels, whereas other low temperature fuel 
cells such as proton-exchange membrane fuel cell (PEMFC) and alkaline fuel cell (AFC) 
can use only hydrogen (Din and Zainal, 2016). Practically, SOFC operates at a very high 
temperature at about 1000 oC, so the heat produced can also be applied for combined 
power plant with the steam cycle (Zhang et al., 2010).  
 
The SOFC is typically composed of cathode, anode and electrolyte, as shown in figure 
2.18. The material used for the cathode side is commonly Sr doped lanthanum manganite 
(LSM) due to its high conductivity (Tsipis and Kharton, 2008). The electrolyte is 
commonly yttria stabilized zirconia (YSZ). For anodes, there are two main types of 
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materials. The first type is Ni cermet and YSZ composite (Ni-YSZ), which has high 
electrical conductivity and it is also a good catalyst that can increase the fuel oxidation at 
the same time. The other type is Ni doped on GDC (Gadolinium doped Ceria), which has 
a larger surface area than the former (Jiang and Chan, 2004).  
 
Figure 2.18 General structure of SOFC (Moghadam, 2016). 
 
Recently, there were many attempts to improve the electrical efficiency of SOFC by 
combining it with gas turbine (GT). This hybrid technology is gaining more attention 
since it can increase the total efficiency of the system and also reduce capital costs 
(Buonomano et al, 2015). This technology consists in employing   the unreacted gas from 
the anode side in a combustor and then feed the hot flue gas to a gas turbine to generate 
more electricity. This technology is developed based on the conventional Brayton cycle 
(Zhang et al., 2010). The electrical efficiency of the hybrid system can be increased to 40-
68% compared to a standalone SOFC (21-36%) (Din and Zainal, 2016). 
 
There are also several key real world application of SOFC to treat biomass and waste 
such as a project called “UNIQUE”, which is a project supported by the EU Framework 7 
to employ the biomass-derived syngas produced from a 10 kWth ICFB (Internally 
circulating fluidised bed) gasifier to feed itto a portable SOFC unit. The researchers found 
that the cleaned syngas produced from the pilot plant is suitable to be employed as fuel 
for SOFC (CORDIS, 2018).  Another project called “BioCellus”, which is a part of the 
EU Framework 6 that aimed to use a different type of gasifiers (autothermal downdraft, 
autothermal fixed-bed downdraft and allothermal bubbling fluidised bed) to produce 
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syngas for Ni-based SOFC. It was reported that the produced syngas from biomass could 
be combined effectively with a SOFC unit (Din and Zainal, 2016). 
 
2.3 Waste-to-chemicals technologies 
 
Municipal solid waste is one of the 2nd generation biofuels which mainly contains of 
H, C and O elements. As a result, it can be converted to many products and fuels such as 
methanol, ethanol, mixed-higher alcohols, methane and hydrogen via the syngas 
upgrading, as shown in figure 2.19 and 2.20. In addition, there are also more valuable 
products that can be derived from methanol, for example, dimethyl ether (DME), 
formaldehyde, methyl tertiary butyl ether (MTBE), olefins, gasoline and acetic acid 
(Sikarwar et al., 2017). In the case of the combustion process, the emitted gas can be 
converted to more valuable products through many processes as it contains a large 
amount of carbon dioxide as shown in figure 2.20. However, it is necessary to have high-
selectivity catalysts in order to process the carbon dioxide in the flue gas produced from 
the combustion process (Cuellar-Franca and Azapagic, 2015).  
 
Over the last few years, different options became available for the valorisation of the 
syngas obtained from the gasification of coal or biomass, including wastes as a result of a 
growing interest for these technologies in academia, industry along with the policy 
makers. The production of high value chemical is one the most attractive options, 
particularly high-value chemicals. A selection of high value chemicals that can be made 
from waste or waste-to-chemical are reviewed in more details in the following sections. 
 
2.3.1 Methanol 
Methanol is a commodity chemical widely employed in many industrial 
applications nowadays. It can be used for the manufacturing of synthetic textiles, variety 
of plastics, adhesives, paints, medicines and biodiesel productions (Young, 2010). It is 
also a potential alternative fuel for gasoline engines (Demirbas, 2007). The largest 
proportions of methanol produced worldwide are mainly employed for formaldehyde 
production (70%), MTBE (20%) and the rest for acetic acid and DME production 
(Bozzano and Manenti, 2016). The demand for methanol is also steadily growing. the 
global demand increased from  50 million metric tons, in 2010, to  almost 80 million 
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metric tons, in 2015, and it is expected to exceed  120 million metric tons, driven by the 
industrial growth  in China, in 2025 (Zeep, 2019).  
 
Currently, most of the methanol consumed in this world is produced from the syngas 
derived from natural gas or coal. However, it can be also produced from the syngas 
derived from biomass and waste, which is a more sustainable way than using non-
renewable resources (Sikarwar et al., 2017). The production of methanol from the syngas 
follows the reaction scheme described below. 
 
                       CO + 2H2          CH3OH  -90.64 kJ/mol   (2.19)  
           CO2 + 3H2               CH3OH +H2O -49.67 kJ/mol   (2.20) 
                       CO + H2O        CO2+H2   -41.47 kJ/mol   (2.7) 
 
 
Figure 2.19 Syngas upgrading routes to chemicals and fuels synthesis (Sikarwar et al., 
2017). 
 
It becomes clear that methanol can be produced from both carbon monoxide and carbon 
dioxide using different stoichiometric ratios of hydrogen, as shown in equations (2.19) 
and (2.20). However, the water-gas shift reaction (equation 2.7) also plays an important 
role in the methanol synthesis as it can change the amount of CO, CO2 and H2 in the 
synthesised gas. Consequently, it is necessary to keep the ratio of (H2-CO) / (CO + CO2) 
in the inlet syngas around 2.0-2.2 (Dybkjaer and Christensen, 2001). The amount of 
carbon dioxide in the feed gas is also important as it can be absorbed onto the catalyst 
(Cu/ZnO) and inhibits the catalyst activity, thus  it is necessary to keep the amount of 
 carbon dioxide in the syngas at 4-8% (Chinchen et al., 1990).
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Figure 2.20 Process flow diagram e of the MSW-to-chemicals process (Cuellar-Franca and Azapagic, 2015). 
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The conventional methanol production operates at a temperature range of 320-450 oC and a 
pressure range of 250-350 bar. According to the literature, the optimal temperature should be 
around 350 oC (Rostrup-Nielsen, 2000). More recently, researchers managed to  reduce the 
temperature to  220-275 oC and the  pressure to 50-100 bar using Cu/ZnO/Al2O3 as catalysts (Orr 
et al., 2012). Severla commercial plants were developed to produce methanol using different 
types of waste as feedstock such as BioMCN in Netherlands converts crude glycerol obtained 
from biodiesel production through gasification then produces methanol from the syngas and 
produces 200 kton of methanol per year (Sikarwar et al., 2017).  Enerkem from Canada can also 
produce methanol from MSW at a capacity of 29 kton per year. The Enerkem process can be 
summarised in figure 2.21.   
 
 
 
 
 
 
 
Figure 2.21 Schematic of the methanol synthesis from MSW (Enerkem, 2018). 
 
2.3.2 Dimethyl ether (DME)  
DME is a high value fuel that can substitute LPG as a cooking gas and replace 
chlorofluorocarbon (CFC) as an aerosol propellant (Chen et al., 2016). Moreover, it is a potential 
alternative fuel to diesel due to his high cetane number and low soot and NOx emission in the 
exhaust gas (Takeishi, et al. 2017). It can also replace methanol as a raw material for the 
production of methyl acetate, formaldehyde, ethanol and light olefin (Ateka et al., 2018). The 
DME calorific value (28.9 MJ/kg) is also 1.4 times higher than methanol (21.1 MJ/kg) and it is 
much less  toxic to humans than methanol (Ogawa et al., 2003). Furthermore, it does not cause 
any corrosion on metal and it decomposes in the troposphere in dozens of hours, so it does not 
have much effect on ozone layer depletion (Bohnen, 1979). 
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Typically, there are two routes to generate DME. The conventional DME production root uses  a 
methanol dehydration process. This method comprises two reaction steps as shown in equation 
(2.19) and (2.20) (Chen et al., 2016).  
 
CO + 2H2          CH3OH  -90.64 kJ/mol   (2.19)  
                       CO2 + 3H2               CH3OH +H2O -49.67 kJ/mol   (2.20) 
           2CH3OH               CH3OCH3 +H2O -23 kJ/mol   (2.21) 
 
This route is called indirect DME synthesis since the syngas is firstly converted to methanol then 
the produced methanol is converted to DME by methanol dehydration according to equation 
(2.21). The catalyst used for the methanol dehydration is an acid catalyst type such as γ-Al2O3 
(Sikarwar et al., 2017). A typical process for the indirect DME synthesis can be shown as in 
figure 2.22. 
  
 
 
 
 
 
Figure 2.22. Schematic of the indirect DME synthesis from biomass (Landalv et al., 2014). 
 
There is also another method to produce DME directly from the syngas in one single step using 
bi-functional catalyst, which is called the direct DME synthesis. All  reactions ivolved in this 
route are shown in the following reactions (Ogawa et al., 2003): 
 
                      2CO + 4H2          CH3OCH3 +H2O  -205 kJ/mol                    (2.22)  
                       3CO + 3H2              CH3OCH3 +CO2  -246 kJ/mol   (2.23) 
CO + H2O        CO2+H2   -41.47 kJ/mol   (2.7) 
 
It is worth noting that  the ratio between CO and H2 used in equation (2.23) is 1:1, whereas the 
CO:H2 ratio from equation (2.22) is 1:2.  Therefore, the amount of H2 needed to be used in 
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equation (2.23) is also lower than in equation (2.22). Moreover, it was proven by Ogawa and co-
worker (2003) that the syngas conversion for equation (2.23) always higher than the conversion 
for equation (2.22) at any temperature in the range between 200-300 oC. This conversion rate is 
also higher than the syngas-to-methanol conversion at any temperature in the referred range. 
Therefore, it becomes apparent that the direct DME synthesis have more potential than two-step 
DME synthesis (Ogawa et al., 2003). A typical process for the direct DME synthesis can be 
shown in figure 2.23. 
 
 
 
 
 
 
Figure 2.23. Schematic of the direct DME synthesis from biomass (Parvez et al., 2016). 
 
Currently, there are several exiting plants forDME synthesis from biofuels such as BioDME, 
which is supported by the EU’s 7th framework program, the Swedish Energy Agencies and 
Volvo company and started in 2009 (Landalv et al., 2014). BioDME uses black liquor from a 
pulp mill as feedstock to produce DME via a gasification process. The maximum capacity of the 
plant is 4.3 tons DME per day but  it operates at 80% of the full capacity.  
2.3.3 Synthetic natural gas (SNG) 
The methanation from carbon monoxide (CO) and carbon dioxide (CO2) was firstly 
discovered by Paul Sabatier and Jean Beptiste Senderens in 1902 (Ronsch et al., 2016; Sikarwar 
et al., 2017) which follows the reaction decribed below: 
 
                        CO + 3H2          CH4 +H2O       -205 kJ/mol                    (2.24)  
                       CO2 + 4H2              CH4 +2H2O     -246 kJ/mol   (2.25) 
 
The original objective was to find a method to eliminate carbon monoxide from syngas in the 
ammonia production. Later on, this concept gained more interest for the methane production 
from carbon monoxide in syngas, which can be produced from coal gasification, in order to 
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substitute the natural gas or petroleum resources in 1970-1980s (Kopyscinski et al., 2010). This 
method has undergone significant development ever since driven by an environmental 
consciousness and desire to reduce greenhouse gas (GHG). 
 
Methane is a key energy resource in many industries and transportation technologies, and it can 
be burned cleanly at high efficiency (Fan et al., 2017).  Most of the methane currently used 
comes from natural gas, which is a non-renewable resource and contributes to global warming 
issues (Ronsch et al, 2016). More recently, many researches focussed on using MSW as fuel for 
the gasification processin order to produce methane and confirmed that MSW can also be 
employed to produce effectively large amounts of methane (Zhu et al., 2016) as shown in figure 
2.24. 
 
 
 
 
 
 
Figure 2.24. Schematic of the methanation and electricity production from MSW (Fan et al., 
2017). 
 
The catalysts used for the methanation of carbon monoxide and hydrogen are mainly based on 
active metals such as Ni, Ru, Rh, Pd, Pt, Co, Fe and Ir. Ni is the most popular due to its  high 
activity, high selectivity and low cost (Ronsch et al, 2016). Ni supported by γ-Al2O3 is the most 
widely used due to its large surface area (Sikarwar et al., 2017). However, this kind of catalyst 
has low sulphur resistance, thus it is necessary to improve it by adding a promoter such as Co 
(Wang et al., 2014). It also requires a cleaning gas free from sulphur, chlorine and other 
impurities in order to prevent catalyst deactivation.  
 
There are many methanation technologies from syngas. For example, Lurgi technology employs 
two fixed-bed reactors with cooling intermediate and recycling gas stream for methanation. 
TREMP technology uses 3-4 adiabatic reactors with a cooling system to produce methane from 
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wood waste. This technology is currently commercially available and exists in Gothenberg, 
Sweden, under the brand name GoBiGas plant (Ronsch et al, 2016). In the UK, there is a pilot 
plant for methane production from household waste in Swindon which operates by Advanced 
Plasma Power (Sikarwar et al., 2017). Other methanation technologies are still in the 
development and testing stage in a pilot scale. Therefore, it is worth considering and 
investigation the methanation process from MSW in this study.  
There are also other processes for syngas valorisation such as Fischer-Tropsch (FT) synthesis 
and hydrogen production. However, these processes have more disadvantages when compared to 
the reviewed processes. Sues et al. (2010) investigated on five biowastes-to-biofuels processes 
via gasification and found that in terms of conversion and yield, the methanol production option 
is the best technology to convert MSW to valuable products (conversion 24%)  followed by SNG 
(17%), FT (9%) and H2 production (6%). In terms of exergetic efficiency, SNG is the best option 
(51%) followed by H2 production (48%), methanol synthesis (40%) and FT (37%). Therefore, 
both the FT synthesis and H2 production are not included in this study. 
 
In addition to the technical data and operating conditions of each of the technologies discussed 
above, the environmental impacts are also key and should  be considered as well. An effective 
environmental assessment method to help identify the most sustainable technology is described 
in the following part. 
 
2.4 Life cycle assessment (LCA) 
  
ISO (the International Organization for Standardization) defines LCA as “compilation and 
evaluation of the inputs, outputs and potential environmental impacts of a product system 
throughout its life cycle”. It is an assessment tool to evaluate the environmental impacts of any 
products or processes through their entire life cycles (Finnveden, 1999). It is also an essential 
process described in ISO14040, which is the standard for the environmental management 
(Guinee, 2002). LCA  considers the environmental burdens from the resource materials used to 
produce the products or raw material used in the processes (cradle), the production of that 
product or the process technologies (gate), the distribution and transportation of the products, the 
way to use the products and finally, the disposal of the products or salvages from the production 
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plants in the end of their life (grave). The concept of life cycle assessment is outlined in figure 
2.25.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.25 Life cycle assessment cycle (Assen et al., 2014). 
 
There are typically four major steps to develop the LCA as shown in figure 2.26.  
 
 
 
 
 
 
 
 
 
 
Figure 2.26 Life cycle assessment methodology (Guinee, 2002). 
2.4.1 Goal and scope definition 
The goal and scope definition are very important for the LCA study. This step has a 
critical impact on the interpretation of results and the overall outcomes of the study (Astrup et al., 
2015). They are also needed to be formally specified as an essential part of the LCA procedure in 
the ISO standard methods (Curran et al., 2012). This section specifies the objective of the 
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34 
 
simulated LCA model, define the products or process system boundaries and the functional unit 
(Finnveden et al., 2009). It is necessary to define the same functional unit for all products or 
processes considered in order to establish a reliable basis for the comparison between alternative 
options (Astrup et al., 2015). 
2.4.2 Inventory analysis 
This step is also called life cycle inventory (LCI). In this step, all the input and output 
materials and energy data within the previously defined boundaries and systems are gathered and 
considered (Assen et al., 2014).  These data can be collected from the plant itself or obtained 
from the simulations based on the reliable process model. Moreover, all the key factors in each 
process such as the composition of the feedstock (e.g. waste composition), the details of the 
technologies used in each scenario and the residue management should be considered in this step 
(Astrup et al., 2015).  
2.4.3 Impact assessment 
All the collected data from the prior step are calculated for the environmental impact 
categories in this step. Currently, there are many impact assessment methods to be chosen, for 
example, ReCiPe Endpoint, ILCD 2011 Midpoint+ and IMPACT 2002+ (SimaPro, 2018). Each 
of these methods provides the different set of impact categories, although in some categories 
they measure the same type of impacts such as global warming potential (GWP) and greenhouse 
gas (GHG) emissions. This step is also known as life cycle impact assessment (LCIA) (Assen et 
al., 2014). 
2.4.4 Interpretation 
In the last step, all the results from step 2 and 3 are interpreted to identify the significant 
issues. The uncertainty and sensitivity analysis are also made in order to evaluate the robustness 
of the model (Astrup, 2015). Lastly, the result of LCA model are concluded with some 
recommendations depends on the type of LCA application, e.g. policy making or product 
development (Assen et al., 2014).  
 
The LCA model has been developed to evaluate the environmental impacts from waste 
management for many years since 1990 (Gentil et al., 2010).  However, most of them are very 
specific on methodological aspects such as focusing just on AD, combustion or recycling process, 
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or type of waste e.g. food waste, plastic waste or cardboard, or specific location e.g. some areas 
of London, or some provinces in EU or Asian countries.  This is because the complexity of the 
waste management system and the varieties of waste composition in each region (Laurent et al., 
2014). The scope of the LCA model of the integrated waste management system for MSW can 
be developed according to all the aspects on the generic waste management system as shown in 
figure 2.27. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.27.  Generic integrated waste management system (Gentil et al., 2010) 
 
LCA is a widespread method applied to compare waste management options in many countries. 
Several literatures on the LCA related to waste-to-energy technologies for MSW are reviewed as 
follows: 
 
Zaman (2013) studied the LCA model of pyrolysis-gasification (PG) and compared with an 
incineration process for MSW treatment in Sweden, employing SimaPro software. He focused on 
ten environmental impact categories, which are abiotic depletion, acidification, eutrophication, 
global warming potential, ozone layer depletion, human toxicity, fresh water aquatic eco-toxicity, 
marine aquatic eco-toxicity, terrestrial ecotoxicity and photochemical oxidation under those two 
scenarios. He found that PG had the environmental impacts less than the incineration of MSW.  
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Jeswani and co-workers (2013) investigated the carbon footprint of MSW incineration compare 
with biogas from landfill in the UK through LCA method.  They employed GaBi software as a 
tool and found that the carbon footprint of the incineration is -0.179 ton CO2 equivalent per ton 
MSW, which is lower than landfilling (0.395 ton CO2 equivalent per ton waste). 
 
Al-Salem and co-workers (2014) developed an LCA model to investigate the current MSW 
management strategy adopted in the Greater London area and investigate two alternative 
thermochemical treatments (low temperature pyrolysis and hydrogenation process) of plastic 
waste. Pyrolysis produced some fuel gas, naphtha and waxes while hydrogenation produced syn-
crude and e-gas. The result showed that the current waste management in that area is more 
environmentally friendly than landfill and pyrolysis process is better than hydrogenation in terms 
of greenhouse gas emission, while hydrogenation is better in terms of eutrophication. 
 
Evangelisti and co-workers (2014) compared three processes to treat food waste in the Greater 
London area using LCA. The three processes were anaerobic digestion with energy and organic 
fertiliser production, incineration with energy production by CHP and landfill with electricity 
production. The results show that the incineration process has the least environmental effect in 
terms of photochemical ozone and nutrient enrichment potentials.   
 
Yay (2015) investigated the environmental aspects of MSW management generated in Sakarya, 
Turkey by LCA method.  She compared the environmental indicators such as abiotic depletion, 
acidification, global warming and human toxicity from recycling, bio-methanation, incineration, 
composting and landfilling. She found that most of the waste generated here are food waste (42%) 
and the most environmentally friendly method to deal with this kind of waste is to recover the 
material followed by composting, incineration and landfilling. 
 
Parkes and co-workers (2015) studied of 10 integrated MSW management systems using LCA as 
a tool in scenarios of the London Olympic Park. The result appears that the advanced thermal 
treatment and incineration with energy recovery have the lowest Global Warming Potential 
(GWP). It also shows that the increasing of the recycling rate can give more environmental 
saving.  
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Evangelisti and co-workers (2015a) compared the environmental impacts of two-stage 
gasification and plasma gasification between using different type of MSW, commercial and 
industrial waste, biomass and RDF as feedstock to generate electricity. They compared in both 
functional units of one ton of feedstock and one kWh of electricity generated using GaBi 6 and 
Aspen Plus software to simulate LCA and the process model respectively. They found that in 
terms of waste treatment, RDF has the lowest global warming and all other impact categories are 
all minus values because the avoided burden from the electricity produced. In terms of one kWh 
of electricity generated, all the results have the same trends and they are not different from other 
investigated waste.  
 
Evangelisti and co-workers (2015b) also compared the LCA results of conventional and two-
stage advanced WTE technologies for MSW in the UK, using GaBi 6 and Aspen Plus software. 
Two incineration plants in Sheffield and North Hykeham, Lincolnshire were studied and three 
two-stage processes, which are gasification and plasma (G-Pl), fast pyrolysis and combustion 
(FP-C), and gasification and syngas combustor (G-SC), were also compared. The results show 
that two-stage gasification and plasma process have a better overall environmental performance 
than other types because the high benefit from the electricity generated from this process. 
 
Furthermore, Jeswani and Azapagic (2016) investigated the environmental impacts from the 
incineration and landfill with gas recovery of MSW in the UK. They found that the waste 
managed by the incineration has much lesser of the environmental impacts than the landfill with 
gas recovery, except for human health impact category.  The electricity generated from the 
incineration also has lesser environmental impacts than the electricity from landfill with gas 
recovery, including the electricity from coal and oil.  
 
Moreover, Tagliaferri and co-workers (2016) also simulated an LCA model to compare between 
the environmental impacts of the methanation process combined with the plasma gasification 
using RDF derived from the UK MSW as feedstock, and bio-methane produced from anaerobic 
digestion (AD). They found that in terms of waste management, bio-methane/Bio-SNG seems to 
be a better choice for electricity generation for the current UK energy mix. In terms of renewable 
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energy production, the dual-stage gasification and plasma gasification is the better option than 
AD. 
 
From the above literature works, it can be observed that all of them investigate on the 
environmental impacts using the LCA approach on a variety of WTE processes for both the 
conventional methods (landfill with gas recovery, composting, AD, incineration, pyrolysis and 
gasification) and advance technologies (two-stage gasification-plasma gasification, SNG). 
However, they investigate just only on the environmental aspect.  Later, there are some works 
that also consider on other aspect such as an economic issue as follows. 
 
Niziolek et al. (2017) simulated a mixed integer non-linear programming (MINLP) model for the 
production of liquid fuels, olefins and aromatics from MSW. Their objective was to minimise the 
production cost, but they did not include the environmental aspect in the model. Tang and You 
(2018) developed a multi-criteria analysis of MSW-to-energy via the incineration process with 
carbon capture and separation (CCS), considering on both the environmental and economic 
issues.  
 
Wang et al. (2018) applied a nexus approach to investigate on waste-to-energy pathway to find 
out the optimal solution for MSW treatment in Ghana. They considered on both the 
environmental effects using LCA approach and the production cost of six WTE processes 
(landfill, composting, AD, incineration, gasification and pyrolysis). Furthermore,  Rizwan et al. 
(2018) also developed a superstructure of MSW management system, which considered on many 
WTE processes and waste valorisation such as composting, AD, incineration, gasification, 
pyrolysis, plasma gasification and ethanol production. They optimised the system to find out the 
optimal route for MSW valorisation in term of the economic value (maximising profit).   
Nevertheless, Rizwan and co-worker did not consider on any environmental impacts in their 
work. 
 
Although some of the above research examined on both the environmental impacts and 
economic values on the conventional waste-to-energy, such as landfill and incineration, and few 
works investigated on the advance WTE and valorisation such as waste to liquid fuels  via 
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gasification combined with FT process. However, none of these work considered on other 
different WTE and waste valorisation options such as SOFC, methanol and DME synthesis. 
Therefore, it is necessary to investigate further on these technologies for both environmental and 
economic aspects. 
 
In this study, the concept of LCA are applied in order to compare the environmental impacts of 
the alternative waste management system, focusing on the seven alternatives waste-to-energy 
and chemical processes. The objective of this work is to develop a decision-making framework 
to help identify systematically the most suitable way to valorise the UK’s wastes remaining after 
the recycling process, by considering on seven options: (1) power generation based on 
combustion, (2) power generation based on gasification, (3) methanol and electricity co-
production (4) indirect DME synthesis and electricity co-production (5) direct DME synthesis 
and electricity co-production (6) SOFC/GT hybrid process and (7) methanation and electricity 
co-production. These scenarios are compared in terms of the environmental impacts using life 
cycle assessment (LCA). The life cycle inventory (LCI) data of the selected processes are 
analysed by means of mass and energy balance based on the UK waste compositions available in 
the literature. Nevertheless, the syngas composition is a crucial data for mass and energy balance 
of all scenarios. Therefore, it is necessary to develop the gasification model to predict the syngas 
composition. The details on the model simulation are described in chapter 3 and chapter 4.     
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Chapter 3 Steady-state model of MSW gasification 
 
In this chapter, the details of the MSW gasification steady-state model are described. The 
simulation method and the approaches employed in this research, including all the model 
equations are also explained. After the simulation step, the results gained from the developed 
model are discussed according to the effects of the operating temperature, the equivalence ratio 
(ER) and MSW compositions on the syngas compositions. The model predictions are also 
compared to experimental and simulation  results from the literature as described below. 
 
3.1 Introduction 
 
In order to predict the product gas composition from the gasification process, which is a 
necessary data for material flow sheet balance to be employed in LCA model. The syngas 
composition depends on many operating parameters such as temperature, feedstock composition 
and  flow rate,  configuration of the gasifier, type of gasifying agents and ratio between gasifying 
agents and feedstock. Therefore, it is essential to develop mathematical models and simulates  
the behaviours and properties of gases in the gasifiers and optimise the operating conditions to 
operate them. These are also beneficial for the design of gasifiers and calculate for the minimum 
operating cost (Hamel and Krumm, 2001). At the current time, there are  three types of  
gasification models have been reported in the literature, which are equilibrium models, kinetic 
models and artificial neutral network models (ANN) (Ahmed et al., 2012) The details on these 
types of model can be described as follows. 
 
3.2 Types of gasification models 
 
3.2.1 Thermodynamic equilibrium models 
The equilibrium model mainly relies on the second law of thermodynamics to investigate 
the reaction systems. In this concept, the process is assumed to be at  steady-state, so the 
concentrations of all the species in the gasification are time independent (Mahishi and Goswami, 
2007). This method is particularly suitable to calculate the product gas composition neglecting 
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long reaction time or high temperature (Baratieri et al., 2008). It can also be applied to any 
different gasifier configurations and various range of operating conditions (Ratnadhariya and 
Channiwala, 2009).  
Two approaches can be adopted to develop  this type of models. The first one is based on the 
development of the stoichiometric model, which mainly depends on equilibrium constants of the 
reactions (K) taking place in the system, as previously shown in equations (2.6) to (2.18) in 
chapter 2. A set of equilibrium constants from independent reactions are chosen, then Gibbs free 
energy is minimised (Jarungthammachote and Dutta, 2008). The relationship between the 
equilibrium constants and Gibbs free energy is shown in equation (3.1) below: 
 ln(K) =  −∆Go
𝑅𝑅𝑇𝑇
                                                                                      (3.1) 
 
Where ΔG0 = Standard Gibbs free energy of the reaction 
   K    = Equilibrium constant of the reaction  
   R   = Universal gas constant   T   = Temperature in Kelvin (K)  
 
The second approach is based on non-stoichiometric models. The method consists of directly 
minimising Gibbs free energy of the reactions without the need to have the detailed  set of 
reactions, so it can be applied to the systems with complex set of reactions. As such, this 
approach has been widely used in the literature (Ahmed et al., 2012).  Figure 3.1 shows the 
comparison between the simulating procedure of the equilibrium models based on the  
stoichiometric and non-stoichiometric approaches. Further details such as the calculations of 
equilibrium constant (K), standard Gibbs free energy of the reaction (ΔG0) and standard Gibbs 
free energy of formation of species i (ΔGfi0) are described in section 3.3. 
 
Arafat and Jijakli (2013) developed an equilibrium model for MSW gasification using the 
stoichiometric approach to investigate the effect of process temperature and waste compositions 
in the gas products.  The results showed that the gas composition produced from the gasification 
process strongly depends on the temperature. When the temperature increases, the amounts of 
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the combustible gases (H2 and CH4) decreases and the amount of steam and CO2 increases since 
the reaction’s conditions were close to the combustion. The same trend was observed with the 
experimental investigated conducted by Zhao et al. (2010). They also found that different 
compositions of MSW caused significant change in the composition of the produced gases.  
 
Janajreh and co-workers (2013) simulated a non-stoichiometric equilibrium model based on 
Gibbs free energy minimisation to describe the syngas composition from the air-gasification of 
several types of feedstock such as tire, coal, plywood and MSW.  The results showed that syngas 
obtained from the different feedstocks generates different compositions, which mainly depend on 
the ratio between hydrogen per carbon (H/C) and ratio between oxygen per carbon (O/C) 
contained in the feedstock. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Frameworks of the two gasification modelling approaches (a) stoichiometric (b) non-
stoichiometric. 
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43 
 
In general, the equilibrium models based on both approaches have the same fundamental that all 
the reaction steps (drying, pyrolysis, reduction and oxidation) are assumed to occur in the same 
area. Furthermore, the compositions of the product gases are also assumed to be in the gas phase 
by neglecting tar.  In order to estimate the product gas compositions and investigate the impact 
of other parameters such as the location and time, the equilibrium models are not suitable  since 
they are based on the steady-state assumption and lumped variables.         
 
3.2.2 Kinetic models 
This mathematical model is related to the kinetic of reactions and the transfer between 
phases in gasifier. This method is suitable for predicting the product gas compositions at varied 
operating conditions, which is necessary for designing and developing of gasifiers (Sharma, 
2008). The main components of the models are Rate laws and Arrhenius equation, incorporating 
with hydrodynamics of gasifiers to evaluate the gas transport inside the reactors. In some cases, 
mass and energy balances are also required for simulation.  They also require some mathematical 
solver such as ordinary differential equation (ODE) in MATLAB software or Mathematica to 
simulate the models (Ahmed et al., 2012).  
 
Recently, there are some works related to the simulation of kinetic models for gasification 
process, but their objectives are to produce hydrogen from biomass. For example, Olaleye and 
co-workers (2014) developed a dynamic model for biomass pyrolysis combining with steam 
reforming process in two stage processes using hydrodynamic of the fixed bed reactors. This 
model considered on the mass and energy transfer between the fluid-solid systems on the porous 
catalyst. It was presented in 2D dynamic model with a system of partial differential equations 
solved by gPROMS* software. The model was validated with the experimental results and 
seemed to show a good agreement with it.  
  
Although the kinetic models are capable for evaluating the gas composition at any time, they also 
have a restriction since the model parameters are very limit to just specific process, which are 
difficult to apply for other processes. 
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3.2.3 Artificial neutral networks models  
Artificial neutral networks models (ANN) are developed from the regression of the 
correlation between input and output data in processes. This method requires an enormous of 
experimental data. The advantage of this model is that they do not require much knowledge 
about thermodynamic or transport phenomena to simulate the models (Kalogirou, 2001). They 
also have a high accuracy of predicting the gas composition from gasification process. However, 
there are not much works on this type of model for gasification process according to their 
limitation that the developed model cannot be employed on other units since they are very 
specific to predict for just the unit they are developed from, not applicable for a general unit 
operation (Baratieri et al., 2008). 
 
 In this work, only the steady-state model and kinetic model are simulated to predict the syngas 
composition. More details on the simulated kinetic model are described in Chapter 4. The steady-
state model developed and simulated is described as the follows. 
 
 3.3 Model integration and simulation 
 
In this chapter, the non-stoichiometric equilibrium model of conventional air gasification based 
on Gibb’s free energy minimisation and Lagrange multiplier method is developed. The main 
advantage of this method is that it does not need the chemical reaction details in the system as 
mentioned earlier. This technique consists of the minimisation of the total Gibbs free energy 
using a constrained optimisation problem (mass balance equations). In this case, only five 
species from the produced gas are considered, which are hydrogen (H2), carbon monoxide (CO), 
carbon dioxide (CO2), water (H2O) and methane (CH4). 
 
The development and simulation of the thermodynamic model can be divided into five steps: the 
overall mass balances, the calculation for the total Gibbs free energy, the calculation for the 
Gibbs free energy of formation of species, Gibbs minimisation by Lagrange multiplier method 
and finally the overall energy balance. All these steps are described below.    
3.3.1 Overall mass balances 
The global air-gasification reaction can be expressed as (Arafat and Jijakli, 2013): 
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  w C Hx Oy Nz + nO2O2 + nN2N2      x1H2 + x2CO + x3CO2 +x4H2O + x5CH4 +        nCC(s) + (wz/2 + nN2) N2      (3.2)  
 
 Where      w = moles of feedstock input 
   𝑥𝑥, 𝑦𝑦, 𝑧𝑧  = mole ratios of H, O and N in the feedstock 
     𝑛𝑛𝐻𝐻2 =   x1 = moles of hydrogen in the product gas 
     𝑛𝑛𝐶𝐶𝐶𝐶 =   x2 = moles of carbon monoxide in the product gas 
    𝑛𝑛𝐶𝐶𝐶𝐶2 =   x3 = moles of carbon dioxide in the product gas 
    𝑛𝑛𝐻𝐻2𝐶𝐶 =   x4 = moles of water in the product gas 
    𝑛𝑛𝐶𝐶𝐻𝐻4 =   x5 = moles of methane in the product gas 
     nO2 = moles of oxygen from air input 
     nN2 = moles of nitrogen from air input 
      nC = moles of free carbon (in solid state) which remains unconverted to  
      gas and assumed to be just carbon. 
 
From equation (3.2), the material balance equations of 3 basic elements (C, H, O) can be 
obtained: 
 
 C balance:   w =  x2 + x3 + x5 + nc     (3.3) 
H balance:   wx =  2x1 + 2x4 + 4x5     (3.4) 
O balance:   wy + 2nO2   =  x2 + 2x3 + x4      (3.5) 
 
3.3.2 Total Gibbs energy of the system 
The total Gibbs free energy of the system is determined as a function of the species number 
of moles in the product gas and the chemical potential of the species as described below 
(Jarungthammachote and Dutta, 2008). 
𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡  =  𝑥𝑥1 𝜇𝜇1 + 𝑥𝑥2 𝜇𝜇2 + 𝑥𝑥3 𝜇𝜇3 + 𝑥𝑥4 𝜇𝜇4 + 𝑥𝑥5 𝜇𝜇5                                     (3.6)  
  
 Where    𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡   =    total Gibbs free energy of the system 
      𝜇𝜇1 =   chemical potential of hydrogen gas in the system 
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      𝜇𝜇2 =   chemical potential of carbon monoxide in the system 
     𝜇𝜇3 =   chemical potential of carbon dioxide in the system 
     𝜇𝜇4 =   chemical potential of water in the system 
     𝜇𝜇5 =   chemical potential of methane in the system 
 
The chemical potentials of each species are defined as (Smith et al., 2005)  𝜇𝜇1 = G10+ RT ln (f1/f10)     (3.7) 
     𝜇𝜇2 = G20+ RT ln (f2/f20)     (3.8) 
     𝜇𝜇3 = G30+ RT ln (f3/f30)     (3.9)  
    𝜇𝜇4 = G40+ RT ln (f4/f40)              (3.10) 
    𝜇𝜇5 = G50+ RT ln (f5/f50)                 (3.11) 
 Where Gi0 = ΔGfi0  standard state Gibbs free energy of formation of the species 
   fi   =  the fugacity of  the species 
  fi0   =  the standard fugacity of  the species 
   R   =  universal gas constant  
T   =  temperature in Kelvin (K)  
For ideal gases at standard pressure, the fugacity ratios can be replaced by mole fractions of each 
species. Equations (3.7) to (3.11) are changed to 
 
     𝜇𝜇1 = ΔGf10 + RT ln (x1/ntotal)    (3.12) 
     𝜇𝜇2 = ΔGf20 + RT ln (x2/ntotal)    (3.13) 
     𝜇𝜇3 = ΔGf30 + RT ln (x3/ntotal)    (3.14) 
     𝜇𝜇4 = ΔGf40 + RT ln (x4/ntotal)    (3.15) 
     𝜇𝜇5 = ΔGf50 + RT ln (x5/ntotal)    (3.16) 
 
 Where   ntotal = total mole of product gases 
 
The standard state Gibbs energy of formation of the species (ΔGfi0) can be calculated as the 
following method. 
47 
 
3.3.3 Calculation of standard Gibb’s energy of formation of the species 
Firstly, the standard Gibb’s free energy of reactions (∆Go) can be calculated from the 
equilibrium constant of chemical reaction (𝐾𝐾) as shown in equation (3.17), which is derived 
from appendix B. 
 
𝐾𝐾 = exp �− ∆H0o
𝑅𝑅𝑇𝑇
 − �∆G0o − ∆H0o
𝑅𝑅𝑇𝑇0
� + ∆𝐴𝐴(𝑙𝑙𝑛𝑛𝑇𝑇 − 1)+ ∆𝐵𝐵𝑇𝑇2 + ∆𝐶𝐶𝑇𝑇26 + ∆D2𝑇𝑇2 + 𝐼𝐼𝑗𝑗�     (3.17, 𝐵𝐵15) 
 
From equation (3.17), the value of   ∆G0o, ∆H0o, ∆𝐴𝐴, ∆𝐵𝐵, ∆𝐶𝐶  and ∆𝐷𝐷   are tabulated in the Perry’s 
chemical handbook, thus the equilibrium constant (𝐾𝐾) can be calculated. The standard Gibbs 
energy of the reaction (∆Go) can also be obtained from  equation (3.1). As a result, the standard 
Gibbs free energy of formation of the species ∆𝐺𝐺𝑓𝑓,𝑇𝑇𝑜𝑜  can be obtained from the formation reaction 
of each species as shown below.  
 
Formation reaction of H2: 
𝐶𝐶 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝑂𝑂 +  𝐻𝐻2                                                               (3.18) 
 
Formation reaction of CO: 
𝐶𝐶 +  𝐶𝐶𝑂𝑂2  → 2𝐶𝐶𝑂𝑂                                                                      (3.19) 
 
Formation reaction of CO2: 
𝐶𝐶 +  𝑂𝑂2  → 𝐶𝐶𝑂𝑂2                                                                        (3.20) 
 
Formation reaction of H2O: 
𝐶𝐶𝑂𝑂2 + 𝐻𝐻2 → 𝐶𝐶𝑂𝑂 +  𝐻𝐻2𝑂𝑂                                                             (3.21) 
 
Formation reaction of CH4: 
𝐶𝐶 +  2𝐻𝐻2 → 𝐶𝐶𝐻𝐻4                                                                         (3.22) 
 
From equations (3.18) to (3.22), the standard Gibbs free energy of the reactions above are: 
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∆𝐺𝐺(3.18)𝑜𝑜  = ∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝑜𝑜   + ∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶 𝑜𝑜 − ∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝐶𝐶𝑜𝑜                                          (3.23) 
∆𝐺𝐺(3.19)𝑜𝑜  = 2∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶 𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶2𝑜𝑜                                                         (3.24) 
∆𝐺𝐺(3.20)𝑜𝑜  = ∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶2𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶 𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶2𝑜𝑜                                                            (3.25) 
∆𝐺𝐺(3.21)𝑜𝑜  = ∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝐶𝐶𝑜𝑜  + ∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶2 𝑜𝑜 − ∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝑜𝑜                                        (3.26) 
∆𝐺𝐺(3.22)𝑜𝑜  = ∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐻𝐻4𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶 𝑜𝑜  −  2∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝑜𝑜                                                          (3.27) 
 
Finally, the standard Gibbs free energy of formation of the species can be obtained by solving 
the following equations 
 
∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝑜𝑜  = ∆𝐺𝐺𝑓𝑓1𝑜𝑜  =  ∆𝐺𝐺(3.18)𝑜𝑜  −  (∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶 𝑜𝑜 − ∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝐶𝐶𝑜𝑜 )                                     (3.28)      2∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶𝑜𝑜  = ∆𝐺𝐺𝑓𝑓2𝑜𝑜  = ∆𝐺𝐺(3.19)𝑜𝑜  − ( −∆𝐺𝐺𝑓𝑓,𝐶𝐶 𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶2𝑜𝑜 )                                                     (3.29) 
∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶2𝑜𝑜  = ∆𝐺𝐺𝑓𝑓3𝑜𝑜  = ∆𝐺𝐺(3.20)𝑜𝑜  − (− ∆𝐺𝐺𝑓𝑓,𝐶𝐶 𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶2𝑜𝑜 )                                                       (3.30) 
∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝐶𝐶𝑜𝑜  = ∆𝐺𝐺𝑓𝑓4𝑜𝑜  = ∆𝐺𝐺(3.21)𝑜𝑜  − (∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶𝑜𝑜  −  ∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐶𝐶2 𝑜𝑜 − ∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝑜𝑜 )                                      (3.31) 
∆𝐺𝐺𝑓𝑓,𝐶𝐶𝐻𝐻4𝑜𝑜   = ∆𝐺𝐺𝑓𝑓5𝑜𝑜  = ∆𝐺𝐺(3.22)𝑜𝑜 − (− ∆𝐺𝐺𝑓𝑓,𝐶𝐶 𝑜𝑜  −  2∆𝐺𝐺𝑓𝑓,𝐻𝐻2𝑜𝑜 )                                                      (3.32) 
 
The standard Gibbs free energy of formation of the species (∆𝐺𝐺𝑓𝑓,𝑇𝑇𝑜𝑜 ) calculated from equations 
(3.28) to (3.32) are employed in equations (3.12) to (3.16) respectively. 
 
 3.3.4 Gibbs energy minimisation by Lagrange  multiplier method 
The Lagrange multipliers are introduced to convert the constrained optimisation problem 
into unconstrained problem where  the total Gibbs free energy can be minimised. Lagrange 
multipliers are introduced to the constraint equations (3.3) to (3.5) as follows 
 
λC(x2 + x3 + x5 + nc – w)     =  0                 (3.33)  λH (2x1 + 2x4 + 4x5 – wx)    = 0                        (3.34)   λO (x2 + 2x3 + x4 – wy – 2nO2) = 0    (3.35) 
 
 Where      λ𝐶𝐶 = Lagrange multiplier for  carbon 
       λ𝐻𝐻 = Lagrange multiplier for  hydrogen 
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       λ𝐶𝐶 = Lagrange multiplier for oxygen 
 
Therefore, the sum of equations (3.33) to (3.35) also becomes zero 
  λC(x2 + x3 + x5 + nc – w) + λH (2x1 + 2x4 + 4x5 – wx)   + λO (x2 + 2x3 + x4 – wy – 2nO2)   =  0   (3.36) 
 
An augmented objective function (Lagrangian) can be obtained  by combining equation (3.36) 
with equation (3.6)  
 F  =  𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡  + λC(x2 + x3 + x5 + nc – w) + λH (2x1 + 2x4 + 4x5 – wx)      + λO (x2 + 2x3 + x4 – wy – 2nO2)                              (3.37)  
The minimum value of F can be obtained when the partial derivatives of the objective function 
with respect to all decision variables (number of moles of each species) equal to zero  
𝜕𝜕𝐹𝐹
𝜕𝜕𝑥𝑥1
  =  𝜕𝜕𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡   
𝜕𝜕𝑥𝑥1
  + 2λ𝐻𝐻  = 0                                                             (3.38) 
𝜕𝜕𝐹𝐹
𝜕𝜕𝑥𝑥2
  =  𝜕𝜕𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡   
𝜕𝜕𝑥𝑥2
  + λ𝐶𝐶 + λ𝐶𝐶 = 0                                                      (3.39) 
𝜕𝜕𝐹𝐹
𝜕𝜕𝑥𝑥3
  =  𝜕𝜕𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡   
𝜕𝜕𝑥𝑥3
  + λ𝐶𝐶 + 2λ𝐶𝐶 = 0                                                     (3.40) 
𝜕𝜕𝐹𝐹
𝜕𝜕𝑥𝑥4
  =  𝜕𝜕𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡   
𝜕𝜕𝑥𝑥4
  + 2λ𝐻𝐻 + λ𝐶𝐶 = 0                                                    (3.41) 
𝜕𝜕𝐹𝐹
𝜕𝜕𝑥𝑥5
  =  𝜕𝜕𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡   
𝜕𝜕𝑥𝑥5
  + λ𝐶𝐶 + 4λ𝐻𝐻 = 0                                                      (3.42) 
The terms  𝜕𝜕𝐺𝐺𝑇𝑇,𝑃𝑃𝑡𝑡   
𝜕𝜕𝑥𝑥𝑖𝑖
 represent the chemical potential of the species (µi) and accordingly equations 
(3.38) to (3.42) can be written as 
µ1 + 2λH          = 0     (3.43)     µ2 + λC + λO    = 0     (3.44)     µ3 + λC + 2λO = 0      (3.45)      µ4 + 2λH + λO = 0     (3.46)     µ5+ λC +4λH   = 0     (3.47) 
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Substituting the chemical potential of the species from equation (3.12) to (3.16) into equations 
(3.43) to (3.47) yields 
                                          ∆𝐺𝐺𝑓𝑓1𝑜𝑜  + RT ln (x1/ntotal)   + 2λH       = 0    (3.48)     ∆𝐺𝐺𝑓𝑓2𝑜𝑜  + RT ln (x2/ntotal) + λC + λO    = 0    (3.49)     ∆𝐺𝐺𝑓𝑓3𝑜𝑜  + RT ln (x3/ntotal) + λC + 2λO = 0    (3.50)      ∆𝐺𝐺𝑓𝑓4𝑜𝑜  + RT ln (x4/ntotal) + 2λH + λO = 0    (3.51)     ∆𝐺𝐺𝑓𝑓5𝑜𝑜  + RT ln (x5/ntotal) + λC + 4λH = 0    (3.52) 
 
Where ∆𝐺𝐺𝑓𝑓1𝑜𝑜 , ∆𝐺𝐺𝑓𝑓2𝑜𝑜 , ∆𝐺𝐺𝑓𝑓3𝑜𝑜 , ∆𝐺𝐺𝑓𝑓4𝑜𝑜  and ∆𝐺𝐺𝑓𝑓5𝑜𝑜  can be obtained by solving equations (3.28) to (3.32).  
 
As a result, the eight unknown variables (x1, x2, x3, x4, x5, λH, λC , λO )  can be obtained  from 
equations (3.3), (3.4), (3.5), (3.48), (3.49), (3.50), (3.51) and (3.52) at given waste composition, 
temperature and amount of oxygen fed into the system through MATLAB built-in solver (fsolve). 
The amount of oxygen feed into the system is often measured in terms of equivalence ratio (ER), 
which can be obtained  from equation (3.53). 
 ER =  𝑚𝑚𝑚𝑚𝑙𝑙𝑚𝑚𝑠𝑠 𝑚𝑚𝑠𝑠 𝑂𝑂2 𝑠𝑠𝑚𝑚𝑓𝑓 
𝑚𝑚𝑚𝑚𝑙𝑙𝑚𝑚𝑠𝑠 𝑚𝑚𝑠𝑠 𝑂𝑂2 𝑟𝑟𝑚𝑚𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑚𝑚𝑓𝑓 𝑠𝑠𝑚𝑚𝑟𝑟 𝑎𝑎 𝑐𝑐𝑚𝑚𝑚𝑚𝑝𝑝𝑙𝑙𝑚𝑚𝑡𝑡𝑚𝑚 𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑟𝑟𝑠𝑠𝑡𝑡𝑖𝑖𝑚𝑚𝑛𝑛                         =  𝑛𝑛𝐶𝐶2(𝑤𝑤 + 0.25𝑤𝑤𝑥𝑥 − 0.5𝑤𝑤𝑦𝑦)                                                                                (3.53) 
 
 Where      w = moles of feedstock input 
   𝑥𝑥, 𝑦𝑦      = mole ratios of H and O in the feedstock      nO2 = moles of oxygen input  
 
The most common ER for conventional gasification process lies  between 0.25-0.35 with a 
temperature ranging between 600 ○C to 1500 ○C (Arena, 2012).  
 
In order to find the optimal operating temperature, the overall energy balance is required as 
developed below. 
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3.3.5 Overall energy balances 
The overall energy balances are considered in conjunction with the overall mass balances 
(equation (3.2)). Assuming that the system is adiabatic, it can be written as follows. 
 
𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡 =  𝐻𝐻𝑝𝑝𝑟𝑟𝑜𝑜𝑝𝑝𝑝𝑝𝑟𝑟𝑡𝑡  + 𝑄𝑄𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠                                                                    (3.54) 
 
Where 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡   = Total enthalpy of reactants in the system 
  𝐻𝐻𝑝𝑝𝑟𝑟𝑜𝑜𝑝𝑝𝑝𝑝𝑟𝑟𝑡𝑡   = Total enthalpy of products in the system 
  𝑄𝑄𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠     = Heat loss from the system = 0 
 
The total enthalpy of reactants and products in the system can be found by equations (3.55) and 
(3.56) 
 
𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡  =  ∆Hf ,feedstocko  +  𝑛𝑛𝐶𝐶2∆HO2o +  𝑛𝑛𝑁𝑁2∆HN2o                                        (3.55)   
 
𝐻𝐻𝑝𝑝𝑟𝑟𝑜𝑜𝑝𝑝𝑝𝑝𝑟𝑟𝑡𝑡  =  𝑥𝑥1∆HH2o +  𝑥𝑥2∆HCOo  + 𝑥𝑥3∆HCO2o  +  𝑥𝑥4∆HH2Oo  + 𝑥𝑥5∆HCH4o    + 𝑥𝑥5∆HCH4o  +  𝑛𝑛𝐶𝐶∆HCo + (𝑤𝑤𝑤𝑤2 + 𝑛𝑛𝑁𝑁2)∆HN2o                                          (3.56)   
 
 Where ∆Hf ,feedstocko  = Enthalpy of formation of the feedstock 
 
The enthalpy of formation of the feedstock can be calculated by (Syed et al., 2012)  
 
∆Hf ,feedstocko = 𝐻𝐻𝐻𝐻𝑉𝑉 −  𝑥𝑥2 285830 − 393546                                                 (3.57) 
 
 Where    𝑥𝑥 = number of hydrogen atoms in the feedstock  
  𝐻𝐻𝐻𝐻𝑉𝑉 = Higher heating value of feedstock, which can be calculated from 
 
𝐻𝐻𝐻𝐻𝑉𝑉 = (0.3491 ∗ %𝐶𝐶) + (1.1783 ∗ %𝐻𝐻) − (0.1043 ∗ %𝑂𝑂)                            (3.58) 
 
 Where    %𝐶𝐶 = mass percentage of carbon in the feedstock 
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      %𝐻𝐻 = mass percentage of hydrogen in the feedstock 
     %𝑂𝑂 = mass percentage of oxygen in the feedstock 
 
Combining equations (3.54), (3.55) and (3.56) together, and then calculate the absolute enthalpy 
of the species from equation (3.18) yields 
 
∆Hf ,feedstocko  +  𝑛𝑛𝐶𝐶2∆HO2o +  𝑛𝑛𝑁𝑁2∆HN2o=  𝑥𝑥1(∆Hf,H2o + � ∆𝐶𝐶𝑝𝑝,𝐻𝐻2𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇)𝑇𝑇𝑇𝑇0 +  𝑥𝑥2(∆Hf,COo + � ∆𝐶𝐶𝑝𝑝,𝐶𝐶𝐶𝐶𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇)𝑇𝑇𝑇𝑇0  +  𝑥𝑥3(∆Hf,CO2o+ � ∆𝐶𝐶𝑝𝑝,𝐶𝐶𝐶𝐶2𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇)𝑇𝑇
𝑇𝑇0
 +  𝑥𝑥4(∆Hf,H2Oo + � ∆𝐶𝐶𝑝𝑝,𝐻𝐻2𝐶𝐶𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇)𝑇𝑇𝑇𝑇0  +  𝑥𝑥5(∆Hf,CH4o+ � ∆𝐶𝐶𝑝𝑝,𝐶𝐶𝐻𝐻4𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇) + 𝑛𝑛𝐶𝐶(∆Hf,Co + � ∆𝐶𝐶𝑝𝑝,𝐶𝐶𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇)𝑇𝑇𝑇𝑇0𝑇𝑇𝑇𝑇0 + (𝑤𝑤𝑧𝑧2 + 𝑛𝑛𝑁𝑁2)(∆Hf,N2o+ � ∆𝐶𝐶𝑝𝑝,𝑁𝑁2𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇)𝑇𝑇
𝑇𝑇0
                                                                                                   (3.59) 
The standard enthalpy of formation(∆Hf,io ) can be obtained from Perry’s chemical handbook and 
T0 equals to 298.15 K. The term ∫
∆𝐶𝐶𝑝𝑝,𝑖𝑖𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
𝑇𝑇0
 can be calculated from equation (B10) in appendix B. 
As a result, the optimal operating temperature in the system can be calculated and compared to  
T estimated by the model. 
 
3.4 Results and discussion 
 
The predicted results from the simulated equilibrium model of air gasification, based on Gibbs 
free energy minimisation using Lagrange multiplier method are discussed in this section. The 
effects of three parameters (operating temperature, equivalence ratio (ER) and MSW 
compositions) on the syngas compositions are investigated and discussed as follows. 
3.4.1 Effect of the operating temperature on the syngas 
In order to investigate the effect of temperature on the produced syngas composition  from 
MSW gasification, the predicted molar fractions of syngas from the developed model were 
plotted as a function of the operating temperature (600-900 ○C) as shown in figure 3.2.  The 
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MSW composition data were obtained from Zhao et al. (2010) on a basis of one kg MSW per 
minute feeding into the gasifier with the equivalence ratio equalled to 0.3.  The proximate and 
ultimate analysis of MSW samples can be shown in table 3.1.   
 
Table 3.1 Proximate and ultimate analysis of MSW by Zhao et al. (2010) 
Proximate analysis (% by weight) Ultimate analysis (% by weight) 
Moisture 40.07 C 33.91 
Ash 2.60 H 5.82 
Volatiles 47.74 O 16.97 
Fixed carbon 9.59 N 0.51 
Empirical formula CH2.06O0.375N0.013 Molecular weight 20.25 
 
 
 
Figure 3.2 Syngas composition predicted from the model for the gasification of MSW vs 
operating temperature at ER=0.30 compare to the experimental results from Zhao et al. (2010). 
 
From figure 3.2, it can be seen that the amount of H2 and CO gases tend to increase when the 
operating temperature are raised from 600 oC to 900 oC. The molar fraction of H2 increases from 
around 0.14 to 0.195 alongside the molar fraction of CO which slightly increases from 0.21 to 
0.24. This is because at higher temperature, more substrates are converted  by thermal 
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degradation to smaller molecules such as  H2 and CO flowing the reactions described in chapter 2.  
On the other, the mole fractions of CO2 and methane seem to decrease at higher temperature. The 
mole fraction of CO2 drops from 0.075 at 600 oC to 0.04 at 900 oC, whereas the mole fraction of 
methane drops from 0.04 at 600 oC to nearly zero at 750 oC. This can be explained by the fact 
that at higher temperature, larger amounts of CO2 and methane are transformed into more CO 
and H2 through the Boudouard reaction and hydrogasification reaction, as outlined in chapter 2. 
There is also a tiny decrease of N2 fraction since there are more gases produced from the 
feedstock when the temperature is increased. The model predictions are also compared with the 
data from the experiment by Zhao et al. (2010) as shown in figure 3.2. It can be seen that the 
mole fractions trends of the species predicted from the model are reasonably consistent with 
experimental trends despite the model and data mismatch.  
3.4.2 Effect of equivalence ratio (ER) on the syngas 
The amount of oxygen fed to the system, which is measured in equivalence ratio (ER), is 
one of the most important parameters for the air gasification process, since it directly determines 
the outcome of the gas products. The simulation results of the syngas composition as a function 
of the equivalence ratio at 700 oC are shown in figure 3.3.   The MSW data employed in this case 
and summarised in table 3.2 were obtained from Janajreh et al. (2013). 
 
Table 3.2 Proximate and ultimate analysis of MSW (Janajreh et al., 2013) 
Proximate analysis (% by weight, dry basis) Ultimate analysis (% by weight, dry basis) 
Moisture 27.3 C 45.6 
Ash 20.8 H 6.0 
Volatiles 71.5 O 26.5 
Fixed carbon 7.7 N 0.8 
Empirical formula CH1.579O0.436N0.015 Molecular weight 20.84 
Based on figure 3.3, it can be clearly seen that the amount of H2 and methane gases drops sharply 
when there was more oxygen fed to the system. The molar fraction of H2 decreases from 0.46 
under the absence of oxygen in the system to zero at the ER around 0.8. This phenomenon is also 
observed with methane whose mole fraction reduces from 0.3 at 0 ER (absence of oxygen) to 0 
at an ER around 0.25.  In the case of CO, its fraction increases from 0.16 to attain nearly 0.32 at 
an ER equal to 0.2, then it decreases a to nearly zero when more oxygen is present in the system 
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(higher ER). In contrast, the amount of CO2 and water increase from zero to around 0.19 and 
0.14 respectively when the ER converges to 1. This is due to the fact that the presence more 
oxygen in the system increases the conversion of the reactions involving O2 and as such  more 
CO2 and water are produced similar to a combustion process. These results were also compared 
to the experimental results from the gasification of wood obtained by Kaupp and Goses (1981) as 
shown in figure 3.4, for the sake of a qualitative comparison. 
 
Figure 3.3 Syngas composition predicted from the model for the gasification of MSW 
(CH1.579O0.436 N0.015) as function of equivalence ratio at 700 oC. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Syngas composition from the experiment as a function of equivalence ratio for the 
gasification of wood at 1 atm (Kaupp and Goses, 1981;  Arena, 2012). 
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3.4.3 Effect of MSW composition on the syngas 
MSW as a feedstock has a large variety of the components which can  be fundamentally 
different in each waste source, besides they may strongly depend on location and seasons. As 
such, it is very challenging to predict reliably and systematically  gas products for every MSW 
source. In this section, the effect of different MSW on the  composition of the produced gases is 
investigated using composition data of six types of feedstocks : RTC coal, tire, MSW, algae, 
treated wood and untreated wood, obtained from the literature. as summarised in table 3.3. The 
syngas composition as molar fractions are plotted against ER as in figures 3.5 to 3.9.   
 
Table 3.3 Proximate and ultimate analysis of RTC coal, tire, MSW, algae, treated wood and 
untreated wood from Janajreh et al. (2013). 
Feedstock 
Proximate analysis  
(% by weight, dry basis) 
Ultimate analysis  
(% by weight, dry basis) 
RTC coal 
Moisture 1.7 C 73.6 
Ash 11.9 H 4.9 
Volatiles 31.0 O 6.4 
Fixed carbon 57.1 N 2.2 
Empirical  CH0.799O0.065N0.029 M.W. 14.36 
Tire 
Moisture 1.0 C 73.8 
Ash 8.8 H 6.8 
Volatiles 68.0 O 9.0 
Fixed carbon 23.2 N 0.3 
Empirical  CH1.106O0.091N0.003 M.W. 14.83 
MSW 
Moisture 27.3 C 45.6 
Ash 20.8 H 6.0 
Volatiles 71.5 O 26.5 
Fixed carbon 7.7 N 0.8 
Empirical CH1.579O0.436N0.015 M.W. 20.84 
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Table 3.3 Proximate and ultimate analysis of RTC coal, tire, MSW, algae, treated wood and 
untreated wood from Janajreh et al. (2013) (continue). 
Feedstock 
Proximate analysis  
(% by weight, dry basis) 
Ultimate analysis  
(% by weight, dry basis) 
Algae 
Moisture 31.9 C 50.4 
Ash 6.1 H 6.9 
Volatiles 79.9 O 29.0 
Fixed carbon 14.0 N 7.1 
Empirical  CH1.643O0.432N0.121 M.W. 22.36 
 
 
Treated wood 
Moisture 14.6 C 48.6 
Ash 5.6 H 5.7 
Volatiles 76.0 O 38.9 
Fixed carbon 18.4 N 1.1 
Empirical  CH1.407O0.600N0.019 M.W. 23.31 
 
 
Untreated wood 
Moisture 18.7 C 49.6 
Ash 2.2 H 5.9 
Volatiles 80.2 O 41.9 
Fixed carbon 17.6 N 0.3 
Empirical  CH1.427O0.634N0.005 M.W. 23.66 
 
In figure 3.5, the trends of H2, CO and CH4 are similar and their molar fraction drop dramatically 
from 0.15, 0.65 and 0.05 at ER=0 to zero when ER equals  0.2, 0.2 and 0.05 respectively.  
However, the molar fractions of CO2 and H2O increase  from 0 at ER=0 to 0.24 and 0.15 at 
ER=1 respectively. When compared to the results of MSW in figure 3.3, there are some 
differences in  the fraction of CO when ER=0 in this case (0.65) which is  much higher than the 
mole fraction of CO from MSW (0.16) at the same ER. There was also no peak of the mole 
fraction of CO which appears in the case of coal gasification. Furthermore, the amount of H2 and 
CH4 components at ER=0 are also different: 0.46 for H2  and 0.3 for CH4  in the case of MSW 
gasification compared to  0.15 for H2  and 0.05 for CH4 in the case of coal gasification. This is 
due to  the different between the ratio of hydrogen and carbon (H/C) and ratio of oxygen and 
carbon (O/C) in the feedstock. The H/C ratio and O/C of MSW are 1.579 and 0.436, while the 
H/C and O/C ratios of coal are 0.799 and 0.091 respectively, which are c.a. 50% and 75% less 
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than H/C and O/C from MSW. As a result, the fractions of H2 and CH4 produced in the case of 
coal are lower than those associated with the MSW case.   
 
 
Figure 3.5 Syngas composition predicted from the model for the gasification of RTC coal 
(CH0.799O0.065 N0.026) as function of equivalence ratio at 700 oC. 
 
When considering in the case of tire gasification as shown in figure 3.6, it appears that the results 
were just a little different from the case of MSW gasification. The H2 component at ER=0 in this 
case (0.56) was higher than the MSW case (0.46). The CO fractions in this case was 0.02 at 
ER=0 then slightly increases to 0.22 at ER=0.23 before dropping down while in the MSW case, 
it was 0.16 at ER=0 then raises to 0.32 at ER=0.2 and drops  to zero. The other fractions in tire 
gasification were not significantly different from those associated with the MSW gasification 
which is due to the fact that there was more H/C (1.106) in tire gasification, thus  the amount of 
H2 produced at ER=0 was increases when compared to coal gasification (H/C=0.799), but it is 
still less than the MSW (H/C=1.579).    
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Figure 3.6 Syngas composition predicted from the model for the gasification of tire 
(CH1.106O0.091 N0.003) as function of equivalence ratio at 700 oC. 
 
From figure 3.7, it appears that the results from algae gasification were not much different from 
the MSW gasification case, except that the methane component produced from algae is less than 
the case of MSW at ER=0.  This is due to the H/C (1.643) and O/C (0.432) ratios that are similar 
those  from MSW (H/C=1.579 and O/C=0.436). The only difference is in  of the nitrogen and 
carbon ratio (N/C) of algae (0.121) which is much higher than the MSW one (N/C=0.015). These 
tend to indicate that that the N/C ratios of feedstock have not a significant effect on the 
composition to the gas products.  
 
The simulation results depicted in figure 3.8 and figure 3.9 are quite similar to each other that the 
mole fractions of H2, CO and CH4 are around 0.4, 0.45 and 0.04 at ER=0 then drop to 0 at 
ER=0.6, 0.02 at ER=0.6 and 0 at ER=0.13 respectively. The fraction of CO2 and water increases 
from 0.05 and 0.01 at ER=0 to 0.23 and 0.16 at ER =1. When considering the H/C and O/C ratio 
of the both types of wood, their H/C are around 1.4, which are less than H/C from MSW (1.579), 
and algae (1.643), while their O/C are 0.60, which are higher than MSW (0.436) and algae 
(0.432).  As a result, the CO fractions produced at ER=0 from these two cases are higher than 
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those from MSW and algae gasification, but CH4 components were also lower  than those in 
MSW and algae cases. 
 
 
Figure 3.7 Syngas composition predicted from the model for the gasification of algae 
(CH1.643O0.432 N0.121) as function of equivalence ratio at 700 oC. 
 
 
 
Figure 3.8 Syngas composition predicted from the model for the gasification of treated wood 
(CH1.407O0.600 N0.019) as function of equivalence ratio at 700 oC 
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Figure 3.9 Syngas composition predicted from the model for the gasification of untreated wood 
(CH1.427O0.634 N0.005) as function of equivalence ratio at 700 oC 
 
In conclusion, the effect of feedstock composition on the produced gas depends on the amount of 
H/C and O/C ratios in the feedstock. In case  both H/C and O/C ratios are low (H/C< 1 and 
O/C<0.1), the amount of CO obtained is high but the fraction of H2 and CH4 are small. If H/C is 
more than 1 but O/C is still less than 0.1, there are more H2 and CH4 but lower  CO fractions. On 
the other hand, in case O/C is higher than 0.60 and H/C does not exceed  1.6, there is also more 
CO produced but less CH4 gas. 
 
Lastly, the simulated data were compared to the results predicted by Janajreh and co-worker 
(2013) in case of MSW gasification at 962 oC, as shown in figure 3.10. The models developed 
and simulated in this study may be used  to calculate the gas composition of MSW gasification 
using oxygen or air as the oxidising agents in the temperature range between 600-1000 oC at 1 
atm.  
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Figure 3.10 Comparison between the MSW gasification results from the developed model 
and the results from the model developed by Janajreh et al. (2013) at 962 oC. 
 
3.5 Conclusion 
 
This chapter described the steady-state gasification model, which is based on the non-
stoichiometric equilibrium model. The simulation method of the air-gasification model was 
obtained by using  Lagrange multiplier method to minimise the total Gibbs free energy of the 
system. The steady-state model was used  to calculate the product gas composition when MSW 
is used as the feedstock. The results show the at the model can give acceptable predictions 
compared to the literature in a wide range of operating conditions (e.g. temperature)  ER, and 
feedstocks. However, the main limitation of the model is the assumption that the system should 
be at equilibrium state which explains some discrepancies between the model predictions and 
data from literature. A dynamic model is necessary  in the case where the syngas components are 
needed in real time for the purpose of process operation, start-up optimisation and process 
control. The kinetic model is described in the chapter 4. 
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Chapter 4 Kinetic model of gasification 
 
In this chapter, the details of the kinetic model are described. The simulation method and the 
approaches employed are described, including all the model equations. Then, the concept of 
estimability is introduced for both the local and global sensitivity analysis approach. After that, 
the results gained from the simulated model are discussed for both the local and global 
sensitivity analysis methods. The parameter ranking of the both methods are compared to the 
experimental results, to find out the most influential parameters of the model. 
 
4.1 Introduction 
 
Gasification is a thermal process that can convert any kind of biomass, including agricultural 
waste and municipal solid waste (MSW), to syngas. These fuel gases provide a high calorific 
value and have a potential to be employed as fuel in many applications and processes such as 
heat and power generation (Arena, 2012). Because the process is composed of many complex 
reactions take place simultaneously involving a large number of parameters, so it is very 
challenging to simulate a reliable model to predict accurate product gas composition and explain 
the phenomenon occur in the system. 
 
At the present time, there are plenty of mathematical models that are employed to predict the 
composition of gases produced from the different type of gasification processes, which are based 
on numerous approaches, for example, computational fluid dynamics (CFD) models and 
thermodynamic equilibrium models as described before (Couto et al., 2015). Among these 
numerical models, a kinetic model is an attractive choice since it can predict the product gas 
components precisely in unsteady-state system. Therefore, the product gas composition can be 
obtained at any residence time or length of the reactor and the gasifier behaviour can be 
investigated through the simulated model (Patra and Sheth, 2015). This type of model involves 
many parameters, e.g. reaction rate and hydrodynamic properties, so it requires high 
computational cost for the simulation. A parametric sensitivity analysis is necessary to be 
performed in order to investigate the effect of all parameters to the model output and validating 
the model with the experimental results (Perez et al., 2015). 
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Although there are many gasification kinetic models simulated in the literature, there is none that 
focuses on investigating of the product gas at the initial of the reaction time.  For example, 
Giltrap et al. (2003) simulated a steady-state kinetic model for downdraft biomass gasification 
focusing on the reduction zone. They used some reaction kinetic parameters from Wang and 
Kinoshita (1993) without considering on the tar cracking reaction. Tinaut et al. (2008) proposed 
one-dimensional steady-state model for fixed-bed downdraft biomass gasification by included all 
the homogeneous and heterogeneous reactions in the model. They applied the shell balance 
approach to develop the model and separated between the gas and solid phase reactions, which 
was the same approach with the work of Simone et al. (2013).   
 
Perez and co-worker (2015) simulated a one-dimensional batch-type fixed-bed downdraft 
biomass gasification model to predict the phenomena along the gasifier. They also performed a 
sensitivity analysis of key parameters to validate with the experimental results and gained only 
8% average error. 
 
The objective of this chapter is to develop a kinetic model for the gasification process that can 
predict the gas compositions produced focusing on the early start up time in the gasification 
zone, to investigate the phenomenon occur in that initial reacted time period using biomass 
(sawdust) as the feedstock. The model parameters are ranked and improved by employing the 
estimability analysis approach (Benyahia et al., 2013). The simulated results are validated with 
the experimental results from the work of Wang and Kinoshita (1992). 
 
4.2 Model simulation 
 
Gasification process always relates to a number of chemical reactions involving hydrogen (H2), 
carbon monoxide (CO), carbon dioxide (CO2), steam (H2O), methane (CH4) and other 
hydrocarbon species. According to some previous gasification kinetic models, it can be divided 
into 3 main steps: drying, devolatilisation (pyrolysis) and gasification steps. These processes are 
assumed to be occurring sequentially (Kaushal et al., 2010). However, the model simulated in 
this work combines the drying and devolatilisation together, so the processes are reduced into 
just two steps as shown in figure 4.1. 
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Figure 4.1 Concept of the simulated model based on Kaushal et al. (2010). 
 
The feedstock in this case is wood residues (CH1.4O0.59) with 7.8% moisture content (Wang and 
Kinoshita, 1992 and 1993). Only oxygen gas is assumed to be employed as an oxidising agent in 
this model. The detail for each step is described below. 
 
4.2.1 Devolatilisation or pyrolysis step 
In this step, the biomass is reacted and converted to the small and the short-chained 
hydrocarbons with only heat very rapidly, under the condition of none oxidising agents (O2, air, 
steam) adding to the process. The products from this step are composed of the pyrolysis gases 
(H2, CO, CO2, H2O, CH4 and tar) and the solid char (assumed to be just fixed carbon) as shown 
in  figure 4.1. The amount of char produced depends on the properties of biomass, which is about 
16% by weight (proximate analysis) in the case of sawdust (Suranani and Goli, 2010). As the 
result, the rest part (84% by weight) is assumed to be just the volatile matter. The composition of 
the gases can be calculated from the mass balance equation in equation (4.1). 
 
VM = wH2+wCO+wCO2+wH2O+wCH4+wtar   (4.1) 
 
Where VM is the total mass of the volatile matter and wH2, wCO, wCO2, wH2O, wCH4 and wtar are 
the mass of hydrogen, carbon monoxide, carbon dioxide, steam, methane and tar produced from 
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the pyrolysis step. The amount of the gas components can be calculated from the rate of 
devolatilised of each species as shown in equation (4.2).  
 
wH2:wCO:wCO2:wH2O:wCH4:wTar = rH2:rCO:rCO2:rH2O:rCH4:rtar   (4.2) 
 
Where ri are the rate of devolatilisation of each component, which are the function of 
temperature (T) and can be calculated from equation (4.3). The values of ki and Ei were obtained 
from Table 4.1. 
 
ri /ri+1= ki exp(-Ei/RT) / ki+1 exp(-Ei+1/RT)   (4.3) 
 
 
Table 4.1 Kinetics parameters of devolatilisation (Kaushal et al., 2010). 
Component (i) ki (1/s) Ei (kJ/mol) 
H2 
CO 
CO2 
H2O 
CH4 
Tar 
4.75x103 
9.08x103 
5.28x103 
3.73x103 
1.09x103 
2.11x103 
92.5 
111 
105 
149.5 
71.3 
112.7 
 
Since the rate of devolatilisation is much faster than the reactions in gasification step, it is 
assumed that all the reactions in this step are occurring simultaneously. All the gas components 
are also assumed to be mixed completely with each other including gasifying agent that is fed 
into the system before the gasification step.  
 
4.2.2 Gasification step 
The pyrolysis gases from the previous stage are reacted with the oxidising agent, which 
normally are oxygen, air or steam. In this study the oxidising agent is assumed to be just the 
oxygen gas at the equivalent ratio (ER) of 0.3, which is the same condition with the experiment 
67 
 
from Wang and Kinoshita (1992). Mass transfer and pore diffusion for char reaction are not 
considered at this stage since they are much faster than chemical reactions when the temperature 
is lower than 900 oC, so the rate controlling step in this case is only the chemical reactions 
(Wang and Kinoshita, 1993).  All the reactions take place in this step and their kinetic rate laws 
are demonstrated in table 4.2. ni are the mole of the gas components, γi are the fraction of H2, 
CO, CO2 and CH4 from tar cracking respectively (γH2 = 0.02222, γCO = 0.72222, γCO2 = 0.14222, 
γCH4 = 0.11334) and kj are the rate constants for each reaction rj, which can be written as in 
equation (4.4).  
     
𝑘𝑘𝑗𝑗 =  𝐴𝐴𝑗𝑗exp (− 𝐸𝐸𝑗𝑗𝑅𝑅𝑇𝑇)      (4.4) 
 
Table 4.2 Reactions and kinetic rate laws for gasification model 
Reaction Rate law Reference 
r1: CO +0.5O2          
r2: H2  + 0.5O2          
r3: CH4 + 1.5O2        
r4: CO + H2O           
r5: CO2 + H2    
r6: CH4 + H2O        
r7: Tar       
 
r8: C + CO2   
r9: C + H2O 
r10: C + 2H2 
CO2 
H2O 
CO + 2H2O 
CO2 + H2 
CO + H2O  
CO + 3H2 
γH2H2+γCOCO+γCO2
CO2 +γCH4CH4  
 
2CO 
CO + H2  
CH4   
k1(PCO)(PO2)0.5 
k2(PH2)1.5(PO2) 
k3(PCH4)0.7(PO2)0.8 
k4(PCO) (PH2O) 
k5(PCO2) (PH2) 
k6(PCH4) (PH2O) 
γik7(wTar) 
 
k8(PC)(PCO2) 
k9(PC)(PH2O) 
k10(PC)(PH2) 
Jensen et al. (1995) 
Jensen et al. (1995) 
Jensen et al. (1995) 
Weimer and Clough (1981) 
Weimer and Clough (1981) 
Jones and Lindstedt (1988) 
Kaushal et. al. (2010) 
 
Wang and Kinoshita (1993) 
Wang and Kinoshita (1993) 
Wang and Kinoshita (1993) 
Where R is the universal gas constant equals to 0.008314 kJ K-1mol-1 and T is the temperature 
(K). 
 
The parameters for estimating of kj are shown in table 4.3. It should be noted that all the product 
gases predicted from this model are assumed to be ideal gas, so the volume of the gases reacted 
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and produced in the gasifier are always constant. The kinetic rates of reaction of each component 
are demonstrated as shown in equations (4.5) to (4.11).   
 
𝑓𝑓𝑂𝑂𝐻𝐻2
𝑓𝑓𝑡𝑡
  =   𝑟𝑟4 + 3𝑟𝑟6 + 𝛾𝛾𝐻𝐻2𝑟𝑟7 + 𝑟𝑟9 − 𝑟𝑟2 − 𝑟𝑟5 − 2𝑟𝑟10                                    (4.5) 
𝑓𝑓𝑂𝑂𝐶𝐶𝐶𝐶
𝑓𝑓𝑡𝑡
  =   𝑟𝑟3 + 𝑟𝑟5 + 𝑟𝑟6 + 𝛾𝛾𝐶𝐶𝐶𝐶𝑟𝑟7 + 2𝑟𝑟8 + 𝑟𝑟9 − 𝑟𝑟1 − 𝑟𝑟4                                (4.6) 
𝑓𝑓𝑂𝑂𝐶𝐶𝐶𝐶2
𝑓𝑓𝑡𝑡
  =   𝑟𝑟1 + 𝑟𝑟4 + 𝛾𝛾𝐶𝐶𝐶𝐶2𝑟𝑟7 − 𝑟𝑟5 − 𝑟𝑟8                                                            (4.7) 
𝑓𝑓𝑂𝑂𝐻𝐻2𝐶𝐶
𝑓𝑓𝑡𝑡
  =   𝑟𝑟2 + 2𝑟𝑟3 + 𝑟𝑟5 − 𝑟𝑟4 − 𝑟𝑟6 − 𝑟𝑟9                                                         (4.8) 
𝑓𝑓𝑂𝑂𝐶𝐶𝐻𝐻4
𝑓𝑓𝑡𝑡
  =  𝛾𝛾𝐶𝐶𝐻𝐻4𝑟𝑟7 + 𝑟𝑟10 − 𝑟𝑟3 − 𝑟𝑟6                                                                     (4.9) 
𝑓𝑓𝑂𝑂𝐶𝐶2
𝑓𝑓𝑡𝑡
  =  − 0.5𝑟𝑟1 − 1.5𝑟𝑟2 − 0.5𝑟𝑟3                                                                (4.10) 
𝑓𝑓𝑂𝑂𝐶𝐶
𝑓𝑓𝑡𝑡
  =  − 𝑟𝑟8 − 𝑟𝑟9 − 𝑟𝑟10                                                                                 (4.11) 
Table 4.3 Parameters for estimating the rate constants kj in equation (4.4) 
Rate 
constant 
Aj  
(1/s) 
Ej  
(kJ/mol) 
Reference 
k1 
k2 
k3 
k4 
k5 
k6 
k7 
k8 
k9 
k10 
3.25x107 
1.63x109 
1.59x1010 
2.98x109 
7.14x1011 
1.26x109 
95.5 
36.16 
1.52x104 
4.19x10-3 
15098R 
3420R 
24157R 
369 
398.3 
126 
9.34x10-2 
77.39 
121.62 
19.21 
Jensen et al. (1995) 
Jensen et al. (1995) 
Jensen et al. (1995) 
Weimer and Clough (1981) 
Weimer and Clough (1981) 
Jones and Lindstedt (1988) 
Kaushal et. al (2010) 
Wang and Kinoshita (1993) 
Wang and Kinoshita (1993) 
Wang and Kinoshita (1993) 
Where R is the universal gas constant equals to 0.008314 kJ K-1mol-1. 
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As the result, the compositions of the gasified gases can be obtained by solving equation (4.5) to 
(4.11) at the same time using ODE 23s in MATLAB software. The predicted compositions were 
compared with the experimental results from Wang and Kinoshita (1992) under the same 
operating condition (T = 800 OC, ER = 0.3). The model parameters (A1-A10, E1-E10) were then 
modified using the estimability analysis approach as described in the following section. 
 
4.3 Estimability analysis 
 
In order to investigate an influence of each parameter on the model outputs, it is necessary to 
conduct the estimability analysis on the interested model parameters. The estimability analysis is 
an approach to identify the influence of model parameters on the model output (Benyahia, 2009). 
It can be accomplished through a sensitivity analysis method, which is a fundamental that can 
measure how the variations of the outputs changed when compare to the changing of input 
variables at a certain amount (Onyemelukwe et al., 2018). Generally, the sensitivity analysis can 
be classified into the local and global sensitivity analysis (Fysikopoulos et al., 2019). The details 
of these two types of sensitivity analysis are described later. After the estimability analysis is 
completed, the ranking of the model parameters is obtained according to an important of the 
model parameters to the measured outputs in descending order (Benyahia et al., 2011). Finally, 
parameter estimation is committed according to the ranked parameters obtained from the 
sensitivity analysis, with the purpose to identify the threshold (cut-off value) and minimise the 
objective function 𝐽𝐽(𝑝𝑝), which is the least square value of the predicted results from the model 
compared with the experimental results as calculated from equation (4.12) 
 
𝐽𝐽(𝑝𝑝) = ∑ ∑ (𝑦𝑦𝑇𝑇𝑗𝑗 − 𝑦𝑦�𝑇𝑇𝑗𝑗)2𝑟𝑟𝑚𝑚𝑗𝑗=1𝑟𝑟𝑦𝑦𝑇𝑇=1           (4.12) 
 
Where 𝑛𝑛𝑦𝑦  is the number of the outputs,  𝑛𝑛𝑚𝑚  is the number of the sampling times, 𝑦𝑦𝑇𝑇𝑗𝑗  is the 
experimental results obtained from the literature and 𝑦𝑦�𝑇𝑇𝑗𝑗 is the output value predicted from the 
current model. 
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In this work, both the local and global sensitivity analysis approaches are employed. The local 
sensitivity analysis method is based on the orthogonalization method (Benyahia et al., 2013) and 
the global sensitivity analysis is based on the Sobol method (Sobol, 1993). The details of these 
methods are described as follows: 
4.3.1 Local sensitivity analysis approach 
The first step of this approach is to evaluate the sensitivity coefficients of the parameter 
(𝑆𝑆𝑇𝑇𝑗𝑗) as shown in equation (4.13) (Benyahia et al., 2013). 
 
𝑆𝑆𝑇𝑇𝑗𝑗 = 𝜕𝜕𝑦𝑦�𝑇𝑇𝜕𝜕𝑝𝑝𝑗𝑗   ≈ 𝑦𝑦�𝑇𝑇(𝑡𝑡, 𝑝𝑝𝑗𝑗) − 𝑦𝑦�𝑇𝑇(𝑡𝑡, 𝑝𝑝𝑗𝑗 − ∆𝑝𝑝𝑗𝑗)∆𝑝𝑝𝑗𝑗   ,       𝑗𝑗 =  1,2, … 𝑛𝑛𝑝𝑝      (4.13) 
 
Where 𝑦𝑦�𝑇𝑇 is the mole of the species of the product gas (H2, CO, CO2 and CH4) obtained from the 
model prediction at the sampling time t, 𝑝𝑝𝑗𝑗 is the nominal model parameters (Aj and Ej) as shown 
in table 4.3, ∆𝑝𝑝𝑗𝑗 is the perturbation values, which is 5% of the nominal value  𝑝𝑝𝑗𝑗 and 𝑛𝑛𝑝𝑝 is the 
number of parameters in this work (20 parameters).  Since the unit of the parameters and the 
predicted output were different, it is necessary to normalise the local sensitivities by the nominal 
parameter value and the nominal value of the model output: 
 
𝑆𝑆𝑇𝑇𝑗𝑗�𝑡𝑡=𝑡𝑡𝑘𝑘
= � ?̅?𝑝𝑗𝑗
𝑦𝑦�𝑖𝑖|𝑡𝑡=𝑡𝑡𝑘𝑘� �𝑦𝑦�𝑖𝑖(𝑡𝑡,𝑝𝑝𝑗𝑗)−𝑦𝑦�𝑖𝑖(𝑡𝑡,𝑝𝑝𝑗𝑗−∆𝑝𝑝𝑗𝑗)∆𝑝𝑝𝑗𝑗 �        (4.14) 
 
Where 𝑆𝑆𝑇𝑇𝑗𝑗�𝑡𝑡=𝑡𝑡𝑘𝑘 is the normalised value of the sensitivity coefficients at the sampling time 𝑡𝑡𝑘𝑘, ?̅?𝑝𝑗𝑗 
is the nominal value of the parameter 𝑗𝑗𝑡𝑡ℎ and 𝑦𝑦�𝑇𝑇|𝑡𝑡=𝑡𝑡𝑘𝑘 is the predicted value of the 𝑖𝑖𝑡𝑡ℎ output at the 
sampling time 𝑡𝑡𝑘𝑘. The normalised sensitivity coefficients were rearranged into the matrix of the 
sensitivity coefficients (𝑺𝑺) according to the species of gas, parameters and the predicted time as 
shown in equation (4.15). 
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(4.15) 
 
 
 
Where 𝑛𝑛𝑝𝑝 is the number of the model parameters,  𝑛𝑛𝑦𝑦 is the number of the outputs and 𝑛𝑛𝑚𝑚 is the 
number of the sampling times. The modified Gram-Schmidt orthogonalization was applied to 
exclude the correlated parameters and finding the most influential parameters to the model 
output. The details for this step can be found from the work of Benyahia et al. (2013).  
4.3.2 Global sensitivity analysis approach 
Although the local sensitivity analysis has generally been accepted for simplifying on the 
model simulation, it can analyse the impact of each input separately. It cannot measure the 
interaction between the input variables and the overall contribution of those input parameters to 
the output (Homma and Saltelli., 1996). Global sensitivity analysis method is the technique to 
measure the sensitivity of the variable input for both the individual impact and the mutual effect 
between those input parameters simultaneously. Sobol sensitivity analysis is a global sensitivity 
analysis method that is based on the variance-decomposition approach: 
𝑉𝑉(𝑌𝑌) =  � 𝑉𝑉𝑇𝑇𝑝𝑝
𝑇𝑇=1
 + � 𝑉𝑉𝑇𝑇𝑗𝑗
1≤𝑇𝑇≤𝑗𝑗≤𝑝𝑝
+ ⋯ + 𝑉𝑉1,…,𝑝𝑝                                           (4.16) 
Where 𝑉𝑉(𝑌𝑌) is the total variance of the output, 𝑉𝑉𝑇𝑇 is the individual variance and 𝑉𝑉𝑇𝑇𝑗𝑗 is joint global 
variance between parameters i and j. From this decomposition of variance, they are normalised 
by total variance 𝑉𝑉(𝑌𝑌)  
1 =  ∑ 𝑉𝑉𝑇𝑇𝑝𝑝𝑇𝑇=1
𝑉𝑉(𝑌𝑌)  +  ∑ 𝑉𝑉𝑇𝑇𝑗𝑗1≤𝑇𝑇≤𝑗𝑗≤𝑝𝑝 + ⋯ + 𝑉𝑉1,…,𝑝𝑝𝑉𝑉(𝑌𝑌)                                            (4.17) 
Since 
𝑆𝑆𝑇𝑇 = 𝑉𝑉𝑇𝑇𝑉𝑉(𝑌𝑌)                                                                              (4.18) 
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And 
𝑆𝑆𝑇𝑇𝑗𝑗 = 𝑉𝑉𝑇𝑇𝑗𝑗𝑉𝑉(𝑌𝑌)                                                                              (4.19) 
 
Equation (4.17) becomes 
1 = � 𝑆𝑆𝑇𝑇𝑝𝑝
𝑇𝑇=1
 −  � 𝑆𝑆𝑇𝑇𝑗𝑗
1≤𝑇𝑇≤𝑗𝑗≤𝑝𝑝
+ ⋯ + 𝑆𝑆1,⋯,𝑝𝑝                                              (4.20) 
 
Where 𝑆𝑆𝑇𝑇  is the first-order sensitivity index for the parameter 𝑝𝑝𝑇𝑇  and 𝑆𝑆𝑇𝑇𝑗𝑗  is the second-order 
sensitivity index between parameter 𝑖𝑖  and 𝑗𝑗 . Finally, the total sensitivity index (𝑆𝑆𝑇𝑇𝑇𝑇)  for the 
parameter 𝑖𝑖, which includes both the direct and indirect effects can be obtained as follows: 
 
𝑆𝑆𝑇𝑇𝑇𝑇 = 𝑉𝑉~𝑗𝑗𝑉𝑉(𝑌𝑌)                                                                          (4.21) 
 
More detail on the sobol sensitivity analysis approach for chemical model can be found from the 
work of Saltelli et.al. (2005) and Rosalem et al. (2012). 
 
4.4 Results and discussion 
 
In order to perform the estimability analysis, it is necessary to nominate the initial guess 
parameter values for the model simulation. All the nominal parameters are obtained from many 
literatures as shown in table 4.3 and then they are arranged according to the corresponding 
parameter number as in table 4.4. 
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Table 4.4 List of the nominal parameters in this study. 
Frequency 
factor (Aj) 
Corresponding 
parameter 
number 
Activation 
energy (Ej) 
Corresponding 
parameter 
number 
A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
A10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
E1 
E2 
E3 
E4 
E5 
E6 
E7 
E8 
E9 
E10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
 
All these twenty parameters are analysed through the estimability analysis approach for both the 
local and global sensitivity analysis as described before. The results of the sensitivity analysis of 
the parameters are discussed as follows.  
4.4.1 Local sensitivity analysis 
The selected parameters are ranked according to the orthogonalization approach, to find 
out the most influential parameter to the model output. The result of the parameter ranking has 
been displayed as in table 4.5. It appears from table 4.5 that the most influence parameter in this 
model is the activation energy (E6) of the rate constant of the steam reforming of methane (r6) as 
shown in table 4.2, then followed by the frequency factor (A7) of the rate constant of the tar 
cracking reaction (r7). The rest priority is arranged as shown in table 4.5.  
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Table 4.5 Subsets of the most estimability potential parameters obtained from the 
orthogonalization sensitivity analysis method. 
Parameter  
no. 
   
Variable 
name 
16 
7 
11 
6 
20 
13 
14 
10 
2 
12 
5 
18 
3 
1 
19 
15 
1 
8 
4 
9 
 
Most 
Influential 
 
 
 
 
 
 
 
 
 
 
Least 
Influential 
 
E6 
A7 
E1 
A6 
E10 
E3 
E4 
A10 
A2 
E2 
A5 
E8 
A3 
A1 
E9 
E5 
A1 
A8 
A4 
A9 
 
The model parameters are modified respecting to the rank listed in table 4.5, compared to the 
experimental result using the least square method to optimise the data different errors. The 
results of the least square value (LS) and the number of modified parameters (𝑛𝑛𝑝𝑝 ) can be 
obtained as shown in figure 4.2. 
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Figure 4.2 Least square value (LS) vs. number of optimised parameters (𝑛𝑛𝑝𝑝) according to the 
ranking listed in table 4.5.  
 
From figure 4.2, the least square value obtained from the modification of the first parameter in 
the ranking (E6) is 0.1293, which is much lower than the LS value of the unmodified parameter 
model (0.1719). Moreover, when the second parameter (A7) in the ranking is modified, the LS 
value dramatically decreases to 0.0331 and then LS reduces to 0.01 when the third parameter 
(E1) is optimised. The LS value stays constant at 0.01 when the 4th parameter (A6) and the 5th 
parameter (E10) are modified, which means that these two parameters have not much effect on 
the model output since they cannot reduce LS values at this stage. The LS slightly diminishes to 
0.0041 when the 6th parameter (E3) is estimated and then it is always constant at this value even 
though there is more parameters modification.  It can be concluded from such a result that the 
minimum objective function value (LS) can be obtained when the parameters are modified for 
just six parameters respecting to the ranking. As the result, the cut-off value is identified as 6 in 
this case. The lowest least square value gained from the 6th parameter optimisation is 0.0041. 
The estimation for the rest fourteen parameters does not yield any different least square value, so 
it does not necessary to do the optimisation on the rest fourteen parameters. The components of 
the product gas predicted from the modified parameter model are plotted against the residence 
time and then compare to the original model results as shown in figure 4.3. 
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Figure 4.3 The components of the gasified product predicted from the model vs.   residence time 
compare to experimental data at 800 oC and ER = 0.3 (a) the original model (b) modified six 
model parameters respecting to the ranking from the local sensitivity analysis.  
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From figure 4.3, it is obvious that the modified parameter model can predict more accurate 
results than the unmodified parameter version. All the gas components predict from the modified 
model are very close to the experimental results presented by Wang and Kinoshita (1992) as 
shown in figure 4.3(b). All the predicted trend lines are also in the same way with the results 
from the experiment, except for methane, that the fraction of hydrogen and carbon monoxide gas 
are sharply rising when the residence time is around 0-2 s. then they are gradually increased 
respecting to more residence time. However, the amount of carbon dioxide rapidly drops down 
from almost 70% to the proportion less than 22%.  On the other hand, the fraction of methane 
from the experiment is slowly declining whereas the modified model prediction seems to be 
increased a little bit.  
 
When consider about the role of the reactions occurred in the gasification step from the influence 
of the model parameters in the ranking (table 4.5), it is indicated that the most important 
parameter in this model is the activation energy (E6) for the steam reforming of methane reaction 
(r6) then the frequency factor (A7) of tar cracking reaction (r7) and the activation energy (E1) of 
the oxidation of carbon monoxide (r1) respectively. It means that these three reactions (r6, r7 and 
r1) are the govern reaction that can determine the gas composition at the initial residence time 
interval (0-10 seconds). Although the frequency factor of the steam reforming of methane (A6) 
and the activation energy of the methanation reaction (E10) are also in the top rank, they do not 
have any effect on the predicted output.  The activation energy of the methane oxidation reaction 
(E3) also has just minor effect on the output, so the oxidation of methane reaction (r3) can be 
neglected. The kinetic rate constant of all the reactions participated in this system at 800 oC are 
calculated from equation (4.4) using the modified parameters and they are arranged as shown in 
table 4.6. 
 
In table 4.6, it appears that the all the oxidation reactions (r1, r2 and r3) have very high kinetic rate 
constant (>103), which means that these reactions can be occurred very rapidly and prior to the 
rest reactions.  After the oxygen has been used up, the reactions with the rate constant around 10-
103 (r6 and r7) take place as the second priority. This is the reason why r6 and r7 are the most 
influential reaction when considering at the early stage time of the gasification step just like in 
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this study. It is necessary to focus on both the steam reforming of methane and tar cracking 
reaction for the early stage of gasification like this. After that, the char reactions (r8, r9 and r10) 
are occurring because they are slower than the previous reactions. These char reactions play an 
important role for the gasification in the longer time period. Finally, the water gas shift reaction 
(r4) and reverse-water gas shift reaction (r5) are the least important in the study since their 
reactivity are very low in such a short time period. However, these two reactions are also 
important when the system carries on closer to the equilibrium state. 
 
Table 4.6 Parameters for estimating the rate constants kj in equation (4.4). Six parameters were 
modified according to the ranking by local sensitivity analysis method. 
Reaction 
(ri) 
Frequency 
factor (Ai) 
Activation 
Energy (Ei) 
Rate constant 
at 800 oC (ki) 
r1: CO + 0.5O2    CO2 3.25x107 7.59x103R 2.75x103 
r2: H2  + 0.5O2 H2O 1.63x109 3.42x103R 6.73x107 
 r3: CH4 +1.5O2        CO + 2H2O 1.59x1010 8.09x103R 8.41x105 
 r4: CO + H2O      CO2 + H2 2.98x109 369 3.24x10-9 
 r5: CO2 + H2    CO + H2O  7.14x1011 398.3 2.91x10-8 
r6: CH4 + H2O        CO + 3H2 1.26x108 115.48 3.01x102 
r7: Tar   γH2H2+γCOCO 
+γCO2CO2  
+γCH4CH4  
63.07 9.34x10-2 6.24x10 
 r8: C + CO2 2CO 36.16 77.39 6.18x10-3 
 r9: C + H2O CO + H2 1.52x104 121.62 1.82x10-2 
r10: C + 2H2 CH4 4.19x10-3 2.87x10-2 4.2x10-3 
Where R is 0.008314 kJ K-1mol-1. 
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4.4.2 Global sensitivity analysis 
Although the local sensitivity analysis can be employed to rank the model parameter 
according to the influence of those parameters to the model output, it can still classify only the 
individual effect of one parameter at the same time. Global sensitivity analysis is employed to 
confirm the result of the local sensitivity analysis. The ranking of the parameters can be gained 
from the total order of sensitivity index (𝑆𝑆𝑇𝑇𝑇𝑇) as shown in figure 4.4. The parameter ranking is 
obtained respecting to the priority from figure 4.4. The parameter ranking is shown in table 4.7. 
 
 
 
Figure 4.4 Total order sensitivity index (𝑆𝑆𝑇𝑇𝑇𝑇)  vs. number of parameters (𝑛𝑛𝑝𝑝) 
From table 4.7, the first priority parameter is E6, which is similar to the ranking from local 
sensitivity analysis (table 4.5). However, the followed ranks are not the same as the previous 
result that they are A4, A5, A7, A6 and so on respectively. As the result, the parameter estimation 
is performed according to the ranking in table 4.7 and the least square value are plotted against 
the number of estimated parameters in order to identify the cut-off value as shown in figure 4.5. 
 
In figure 4.5, the first parameters modified (E6) can reduce the LS value from 0.1719 to 0.1293, 
which is the same result with the previous parameter estimation from figure 4.2. However, when 
the second (A4) and the third (A5) parameters are optimised, there is no change of the least 
square value. The fourth parameter (A7) estimation can sharply diminish LS value to 0.0331. 
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This result is also the same as the estimation of parameter ranking by the local sensitivity 
analysis in the previous part. The next three parameters (A6, E7 and E3) estimation also cannot 
reduce the LS value until the 8th parameters (E2) that it can change a tiny amount of LS to 
0.0262. The least square value does not change much for the modification of the 9th and 10th 
parameters (A3 and A2) until the 11th parameter (E1) is optimised., LS declines to 0.004, which is 
very close to the number of 0.0041 gained from the modification of the same parameter in the 
previous section. After that, there is no LS change for the rest parameter estimation. From this 
result, it can be summarised that the parameters that have a high impact on the model output are 
E6, A7 and E1. Other parameters do not have much influence on the output predicted by this 
model, though some of them are ranked in the prior position. This result is also in the same way 
with the parameter estimation respecting to the ranking by the local sensitivity analysis, even 
though the cut-off value in this case is eleven, which is more than the cut-off value in the 
previous result (six).  
 
 
 
Figure 4.5 Least square value (LS) vs. number of optimised parameters (𝑛𝑛𝑝𝑝) according to the 
ranking listed in table 4.7.  
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Table 4.7 Subsets of the most estimability potential parameters obtained from sobol sensitivity 
analysis method. 
Parameter  
no. 
   
Variable 
name 
16 
4 
5 
7 
6 
17 
13 
12 
3 
2 
11 
1 
19 
9 
20 
10 
8 
18 
15 
14 
 
Most 
Influential 
 
 
 
 
 
 
 
 
 
 
Least 
Influential 
 
E6 
A4 
A5 
A7 
A6 
E7 
E3 
E2 
A3 
A2 
E1 
A1 
E9 
A9 
E10 
A10 
A8 
E8 
E5 
E4 
 
 
Once again, the product gas composition predicted from the modified parameter model ranked 
by the sobol sensitivity analysis are plotted against the residence time and then compare to the 
original model results as shown in figure 4.6. 
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Figure 4.6 The components of the gasified product predicted from the model vs.   residence time 
compare to experimental data at 800 oC and ER = 0.3 (a) the original model (b) modified eleven 
model parameters respecting to the ranking from global sensitivity analysis.  
 
The product gas composition obtained from the modified parameters ranking by sobol analysis 
approach seems to be not different from the modified parameters ranking by the 
orthogonalization technique as shown in figure 4.3 and figure 4.6. It can be concluded that the 
(a) 
(b) 
M
ol
e f
ra
ct
io
n 
( -
 ) 
M
ol
e f
ra
ct
io
n 
( -
 ) 
Residence time (s) 
 
Residence time (s) 
 
83 
 
modified parameter model which the parameters are ranked by either the local analysis method 
(orthogonalization) or the global analysis method (sobol) are not different in this model. The 
highest-ranking parameters for the both methods is E6, but the ranking from the sobol technic are 
A4, A5, A7, A6, E7, E3, E2, A3, A2 and E1 respectively whereas the ranking from the 
orthogonalization are A7, E1, A6, E10 and E3. The cut-off value for the sobol is eleven whereas 
the cut-off value from the orthogonalization is just six, which means that the local optimisation 
takes a shorter optimisation time than the sobol method. All the estimated parameters are 
displayed in table 4.8.  
 
Table 4.8 Parameters for estimating the rate constants kj in equation (4.4). Eleven parameters 
were modified according to the ranking by global sensitivity analysis method. 
Reaction 
(ri) 
Frequency 
factor (Ai) 
Activation 
Energy (Ei) 
Rate 
constant at 
800 oC (ki) 
r1: CO + 0.5O2    CO2 3.25x107 7.07x103R 4.46x104 
r2: H2  + 0.5O2 H2O 7.73x108 1.17x103R 2.6x108 
 r3: CH4 +1.5O2        CO + 2H2O 2.12x1010 6.41x103R 5.38x107 
 r4: CO + H2O     CO2 + H2 2.31x109 369 2.51x10-9 
      
 r5: CO2 + H2    CO + H2O  4.38x1012 398.3 1.78x10-7 
r6: CH4+ H2O        CO + 3H2 2.15x107 102.94 2.1x102 
r7: Tar   γH2H2+γCOCO 
+γCO2CO2  
+γCH4CH4  
59.9 0.0176 5.98x10 
 r8: C + CO2 2CO 36.16 77.39 6.18x10-3 
 r9: C + H2O CO + H2 1.52x104 121.62 1.82x10-2 
r10: C + 2H2 CH4 4.19x10-3 19.21 4.86x10-4 
Where R is 0.008314 kJ K-1mol-1. 
 
It can be observed from table 4.8 that the rate constants calculated from the modified parameters 
ranking by sobol method are also similar to the rate constants calculated from the parameter 
estimation using local sensitivity analysis for ranking. The rate constants of the oxidation 
reaction (r1, r2 and r3) are still higher values than other rate constant of other reactions (more than 
104). This result confirms that the oxidation reactions are always the first priority and the fastest 
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reactions occur at the initial of residence time in gasification step and then it is followed by the 
steam reforming of methane (r6) and the tar cracking reaction (r7) as the second priority. The 
third priority is still the set of char reactions (r8, r9 and r10) and the slowest reactions are the 
water-gas shift reaction and the reverse water-gas shift reaction. 
 
It can be noticed that all the vital reactions that have the most effect on the gas components at the 
initial time of the gasification step, which are r6, r7 and r1, have the rate constant values in the 
range between 10-105. Therefore, it might be assumed from the result that any reactions that 
have the rate constant in this range would play an important role to determine the composition of 
gas at the beginning of the gasification step. Nevertheless, this study does not include some other 
reactions that might occur in the gasification process such as a dry reforming reaction, so it 
would make the model more accurate if all the reactions are included into the model in the 
future. 
 
4.5 Conclusion 
 
A kinetic model for predicting of the product gas composition according to the residence time for 
the biomass gasification process is proposed. The model is based on only the reaction rate, so the 
key parameters are the frequency factors (Ai) and activation energy (Ei) from Arrhenius 
equation. All the parameters are ranked according to the influence of the parameter to the model 
output by estimability analysis method. Two approaches for the sensitivity analysis (local 
sensitivity and global sensitivity) are employed and compared the model output results to the 
experimental results. It appears that both techniques do not give the different predicted result. 
The cut-off value of the local sensitivity analysis is six parameters while the cut-off value of the 
global sensitivity analysis is eleven parameters.  The final least square error from the both 
approaches is similar at 0.0041. When consider on the priority of the rate of reaction from the 
rate constant values obtained from the model prediction, it is clear that the oxidation reactions 
firstly take place in the gasification zone, following by steam reforming of methane reaction, tar 
cracking reaction, char reactions and water-gas shift and reverse water-gas shift reaction 
respectively. The data predicted from the model are employed in LCA model in chapter 5. 
85 
 
Chapter 5 Life cycle assessment of MSW-to-energy and chemicals in the UK 
 
In this chapter, the details on the life-cycle assessment (LCA) on the waste-to-energy and 
chemicals processes are described. There are seven processes to be considered in this study: 
combustion, gasification, methanol synthesis, indirect dimethyl ether (DME) synthesis, direct 
DME synthesis, solid oxide fuel cell (SOFC) and methanation process. The development of the 
LCA starts from the goal and scope definition, then the specification of the system boundary and 
the functional unit. After that, the characterisation method and life cycle inventory on every 
process are described. Three different cases are analysed: base case (based on one of the UK 
MSW composition), different MSW composition scenario as a sensitivity analysis, and 
increasing yield case. Finally, all the LCA results are analysed and critically discussed. Some 
part of the results in this chapter were presented in an international conference as shown in 
appendix A. 
 
5.1 Introduction 
 
LCA is a decision-support tool that is employed to quantify environmental effects of any process 
in order to identify appropriate solutions for mitigating emissions and managing wastes. This 
method can be designed to focus on a specific aspect or part of the process or product life cycle 
(Laurent et al., 2014). Many LCA studies have been developed to compare the environmental 
impacts of different waste management options as reviewed and outlined in chapter 2.  However, 
most of them did not provide the detailed material flow analysis, which is an important part for a 
reliable LCA as recommended by Astrup and co-worker (2015). 
 
In this research, a systematic LCA study was conducted for the waste-to-energy and chemical 
systems based on the UK MSW composition. The LCA approach was developed according to 
the methodology described in chapter 2. The details and results of the current LCA study are 
described in the following sections. 
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5.2 Methodology 
  
As described before that the LCA methodology comprises of four major steps as shown in figure 
5.1. The details on these steps are described as follows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Major LCA methodological steps (Guinee, 2002) 
5.2.1 Goal and scope definition 
In this study, the goal is to investigate the environmental impacts associated to the 
conversion of the MSW generated in the UK to energy and chemicals by comparing seven 
possible processes which are: the combustion, gasification, methanol synthesis, indirect DME 
synthesis, direct DME synthesis, solid oxide fuel cell (SOFC) and methanation process. These 
processes are investigated in terms of gate-to-gate approach where only the environmental 
impacts associated to the production process are considered. The type of the combustion 
considered in this study is the moving grate combustor since it is the most dominant technology 
for converting waste to energy at the present time (Arena et al., 2015). The gasification process 
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is based on the conventional air gasification model developed by Janajreh et al. (2013). The 
methanol and DME synthesis process are mainly based on the process from Larson and Tingjin 
(2003). The SOFC process is based on the model simulated from Sharma et al. (2017). Finally, 
the methane production is based on the work developed by Fan et al. (2017). The scope on this 
LCA model is focused on these seven processes as shown in figure 5.2. All the details for each 
process and their assumption in this LCA study are described in the life cycle inventory (LCI) 
part.  
5.2.2. Functional unit and system boundaries 
The functional unit is essential to compare the different systems, to ensure that the both 
systems based on the same unit and assumption. Therefore, their environmental impacts can be 
directly compared for the most sustainable and environmentally friendly process (Curran et al., 
2012). In this study, the functional unit for all processes and scenarios are based on 1000 kg (1 
metric ton) of the MSW received at the plant. There are three cases in this work. In the first case 
(base case scenario), the LCA model is developed based on a fixed and specific waste 
composition, which is the average MSW composition in the UK (MSW 1) that obtained from the 
work of Evangelisti et al. (2015a, b) as shown in table 5.1.  The waste is preliminary treated by 
reducing moisture to 12% for the gasification, methanol synthesis, direct and indirect DME 
synthesis, SOFC and methanation process. For the second case, three different compositions of 
waste, as shown in table 5.1, are considered in the same way and same process parameters with 
the first case. In the last case, the waste composition is MSW 1, which is the same as the base 
case, but some process parameters are changed in order to conduct a sensitivity analysis and 
assess the overall process performance.  The disposal of the bottom ashes and the residues from 
the air pollution control units (APC) are also considered for every process. 
 
All the energy and materials recovery units are assumed to operate in the same area, so there is 
no transportation between these units. The collection and the transportation of waste to the plant 
site are assumed be similar so they are not included in this study. What is more, the 
environmental impact from materials employed for constructing of any equipment, building, 
piping system and any accessories in the plant are also not included in this study. Moreover, 
uncertainty study of waste composition, which normally depends on the different places and 
periods, is also not considered. The economic aspects are not included in this chapter, but they 
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are considered in the next chapter. The social aspects are also not considered in this case because 
of lack of data.  
 
The electricity generated from every system are assumed to directly feed back to the UK grid as 
the substituted energy. The chemicals obtained from the process are considered as the by-
products, which can substitute for the same type of products on the markets, as described in the 
avoided burden method for the LCA model (Finnveden et al., 2009). 
 
Table 5.1 Waste composition as received and ultimate analysis (Evangelisti et al., 2015a, b). 
Waste fractions (% as received) MSW 1 MSW 2 MSW 3 
Paper 22.7 10 22.4 
Wood 3.7 2 7 
Textile 2.8 7 0 
Plastics 10 35 14 
Organic 35.3 0 3.5 
Metals 4.3 7 7 
Glass 6.6 6 3.5 
WEEE 2.2 5 3.5 
Inert 5.3 22 28 
Miscellaneous 7.1 6 11.1 
Ultimate analysis (dry ash free basis) 
% C 49.7 49.5 66 
% H 6.1 6.1 4 
% O 42 43.2 29.4 
% N 1.2 0.8 0.4 
% S 0.3 0.2 0.1 
% Cl 0.7 0.2 0.1 
% Ash 12.5 9.2 11.3 
% Moisture 40 12 12 
Lower heating value (LHV)  9 MJ/kg 16 MJ/kg 19 MJ/kg 
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Figure 5.2 The superstructure of the municipal solid waste (MSW) to chemical and energy system. 
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5.2.3. Characterisation method 
The life cycle impacts assessment is performed by the method of IMPACT 2002+ (2.12) in 
SimaPro 8.2 software package using Ecoinvent 3 as the database. This method is a combination 
between four methods, which are IMPACT 2002, Eco-indicator 99, CML and IPCC methods 
(SimaPro, 2018). It has four damage endpoint categories (human heath, ecosystem quality, 
climate change and resources) and fifteen impact midpoint categories: human health carcinogens 
(kg C2H3Cl eq.), human heath non-carcinogens (kg C2H3Cl eq.), respiratory inorganics (kg PM 
2.5 eq.), ionizing radiation (Bq C-14 eq.), ozone layer depletion (kg CFC-11 eq.), respiratory 
organics (kg C2H4 eq.), aquatic eco-toxicity (kg TEG water), terrestrial eco-toxicity (kg TEG 
soil), terrestrial acidification/nitrification (kg SO2 eq.), land occupation (m2 org. arable), aquatic 
acidification (kg SO2 eq.), aquatic eutrophication (kg PO4 P-lim), global warming (kg CO2 eq.), 
non-renewable energy (MJ primary) and mineral extraction (MJ surplus) as shown in figure 5.3. 
In order to compare the impact factors to other impact categories of the same and different 
processes, the normalised impact factors are required. They can be obtained by dividing the 
impact per unit of emission by the total impact of all substances of the specific category of which 
the characterisation factors exist, per person per year in Europe (Jolliet et al., 2003). The 
normalised data from the different processes are able to be compared on the same impact 
categories only.  
 
Figure 5.3 Mid-point and end-point impact categories from IMPACT 2002+ method (Jolliet et 
al., 2003). 
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5.3 Life cycle inventory 
 
5.3.1. MSW management case 1: base case 
The data inventory for LCA simulation in this work is based on seven process models as 
described before, which have the different details according to the literature and the source of 
data as follows. For the combustion process, the data are based on the model of mass and energy 
flow of the moving grate combustion presented by Arena et al. (2015). The material input and 
output data are also based on the same model. The moving grate combustor operated using air as 
the oxidising medium at the equivalence ratio (ER) of 1.7. The combustor also needs some 
auxiliary fuel during start-up, which is methane in this case.  Urea is also injected into the 
combustor to reduce some NOx formation in the producer gas (Vehlow, 2015). The hot flue gas 
is fed to the heat recovery unit, where the heat is utilized for boiling steam to generate the 
electricity through the steam cycle. The overall energy efficiency for this system is estimated to 
be around 25% (Panepinto et al., 2015; Ouda et al., 2016). The flue gas is cooled down then 
cleaned in the dry scrubbing APC unit, which is treated by hydrated lime and activated carbon 
then passed through the dust separator (fabric filter bag) before exhausted to the atmosphere. The 
details of the mass flow of the combustion process is shown in figure 5.4. For the solid residue 
management, all the bottom ash and APC residues are sent to landfill. The main composition of 
flue gas emissions from the process are summarised in table 5.2. 
 
The gasification process data are mainly based on the steady-state model for the conventional 
downdraft air gasification developed in chapter 3, which is based on the model from Janajeh and 
co-workers (2013). The material flow sheet model is developed in figure 5.4. This process 
employs O2 gas (95% by volume) as the oxidising agent at the equivalent ratio of 0.26 (Larson 
and Tingjin, 2003; Fan et al., 2017). LPG is employed as the auxiliary fuel alongside air for 
combustion when during start-up (Arena et al., 2015).  The produced syngas is then combusted 
with air in a combustor together with additional urea at equivalence ratio ER equals to 1.2 to 
generate the electricity using the steam cycle. The overall energy efficiency from the gasification 
process is estimated to be 18% (Yap and Nixon, 2015). The rest of process is similar to the 
combustion process described earlier as shown in figure 5.5. The bottom ash and APC residues 
are sent to the landfill site. 
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Table 5.2 Major air emissions and burdens from solid residues for all seven processes of waste-
to-energy and chemical based on one metric ton of the UK waste composition (MSW 1). 
Process Solid 
residues (kg) 
Emissions (kg) 
CO2 NOx SOx HCl 
Incineration 113 941 0.165 0.030 0.036 
Gasification 196 856 0.034 0.024 0.035 
Methanol syn.  194 721 0.034 0.024 0.035 
Indirect DME syn.  194 721 0.034 0.024 0.035 
Direct DME syn. 194 725 0.034 0.024 0.035 
SOFC 194 856 0.034 0.024 0.035 
Methanation  194 602 0.034 0.024 0.035 
 
 
Figure 5.4 Schematic of material balance flow sheet of the electricity generation from MSW 
combustion process.  
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Figure 5.5 Schematic of material balance flow sheet of the electricity generation from MSW 
gasification process.  
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Figure 5.6 shows mass flow sheet of the methanol synthesis process from MSW 1000 kg. This 
process also employs the same gasification model as the previous case in order to calculate the 
syngas composition. The produced raw syngas is cleaned in the APC unit to eliminate sulfur, 
chlorine and other contaminants in the syngas using the same process. The cleaned syngas is then 
upgraded to increase the ratio (H2-CO) / (CO + CO2) to 2.1-2.2 employing two-staged water gas 
shift reactor (Larson and Tingjin, 2003). It is necessary to control the ratio of carbon dioxide in 
the syngas to be around 6-8% by volume (Silwinska et al., 2017), so the selexol solution is 
employed to remove carbon dioxide from the producer gas. After that, the conditioned syngas is 
converted in the reactor to produce methanol via the reaction:  
 
CO + 2 H2          CH3OH  -90.64 kJ/mol   (5.1) 
 
Equation (5.1) takes place at a temperature of 260 oC using CuO/ZnO/Al2O3 as a catalyst. The 
carbon monoxide conversion is 40% and the selectivity is very high (>99%) for the once-through 
process (Larson and Tingjin, 2003). The total yield of methanol is around 40%. The raw 
methanol is then sent to a distillation unit to purify to the methanol product (98% methanol). 
Unreacted syngas left from the reaction still contains a small amount of carbon monoxide, 
hydrogen and trace of methanol and methane, so it can be burnt for the sake of energy recovery 
in a combustor to generate electricity as shown in figure 5.6. 
 
Figure 5.7 shows material flow sheet of the indirect DME synthesis process from MSW 1000 kg. 
This process has the similar process to the methanol process, but just add another rector for the 
DME synthesis from methanol after the methanol purification unit. DME is generated from the 
methanol dehydration according to the following reaction: 
 
          2CH3OH               CH3OCH3 +H2O -23 kJ/mol   (5.2) 
 
Total yield of DME from equation (5.2) can be achieved at the level of 40% when γ-Al2O3 is 
employed as catalyst (Sierra et al, 2007). Lastly, the raw DME produced from this stage is 
purified to achieve a DME with 99% purity. The unreacted methanol left from the DME 
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synthesis is recovered as a byproduct and the unreacted gas from the methanol synthesis is also 
fed to the energy recovery unit to produce electricity.  
 
Figure 5.6 Schematic of material balance flow sheet of the methanol production from MSW.  
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Figure 5.7 Schematic of material balance flow sheet of the indirect DME synthesis from MSW. 
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Figure 5.8 shows material flow sheet of the direct DME synthesis process from MSW 1000 kg. 
This is different from the indirect DME synthesis that the syngas is directly converted to DME in 
a single step using CuO/ZnO/Al2O3 and γ-Al2O3 simultaneously as the catalyst. The direct DME 
synthesis reaction is described by: 
 
                       3CO + 3 H2              CH3OCH3 + CO2   -246 kJ/mol       (5.3) 
 
CO conversion in this case is about 42% with DME selectivity of 95% for once-through process. 
The total yield of DME from equation (5.3) is also around 40% at the operating temperature of 
250-280 oC (Larson and Tingjin, 2003). Raw DME is also be purified to 99%. The unreacted gas 
left from the DME synthesis is also combusted to generate electricity as shown in figure 5.8. It 
should be noted that the H2/CO ratio in the feed syngas for this case may be around 1:1 
according to stoichiometric proportion as described by equation (5.3). However, it recommended 
to have a H2/CO ratio equal to 1.5 (Luu et al, 2016). It is worth mentioning that it is still 
necessary to remove carbon dioxide from the feed syngas to the reactor since carbon dioxide can 
inhibit a catalytic activity. 
 
Figure 5.9 shows the mass balance flow sheet of the SOFC process from MSW 1000 kg. This 
process employs the syngas produced from the gasification to be on the anode side and air on the 
cathode side. The reaction on the anode and cathode side are summarised below: 
 
Anode:           CO + O2-               CO2 + 2e-     (5.4) 
         H2 + O2-       H2O + 2e-                        (5.5) 
Cathode:       O2 + 2e-       2O-                                         (5.6) 
 
The ratio between H2/CO in the syngas feed is about 3. The efficiency of the SOFC is considered 
to be 32% (Sharma et al, 2017). The unreacted gas left from SOFC becomes fuels in the 
combustor to generate heat for making steam and generate electricity. It can be observed that the 
syngas feed for SOFC process does not need to remove carbon dioxide from the feed gas at all.  
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Figure 5.8 Schematic of material balance flow sheet of the direct DME synthesis from MSW. 
 
Residues 40 kg  
Air 166 kg  
LPG 9 kg  
DME 69 kg 
O2  
192 kg 
 
Hydrated lime 11 kg  
Raw syngas 906 kg 
Net electricity 
287 kWh 
MSW 
1,000 kg 
Gasification  
Syngas 
conditioning 
Combustor 
DME 
production and 
purification 
Conditioned syngas 643 kg 
Steam 101 kg  
Urea and Selexol 6 kg   
Unreacted gas 574 kg 
Air 1,543 kg  
CO2 341 kg  
Bottom ash 141 kg 
Activated carbon 0.2 kg  
Flue gas 2,117 kg 
Moisture 320 kg  
Water 19 kg  
Effluent 19 kg  
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Figure 5.9 Schematic of material balance flow sheet of the electricity generation from MSW- 
SOFC process. 
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Air 4,994 kg  
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Gasification  
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Conditioned syngas 1,357 kg 
Moisture 320 kg  
Residues 40 kg 
Air 1,560 kg 
Electricity 
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Air 166 kg  
LPG 9 kg  
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Figure 5.10 shows material balance of the methanation process from MSW 1000 kg. Syngas 
production is still based on the same model as the previous case. The syngas fed to the 
methanation reactor is required to be cleaned and carbon dioxide should also be removed (Fan et 
al., 2017).  The molar ratio between H2/CO equals to 3 according to the stoichiometric of 
methanation reaction expressed as follows: 
                         CO + 3H2              CH4 +H2O  -24-206 kJ/mol       (5.7) 
 
According to the model simulated from Fan et al. (2017), the methanation reaction is occurred in 
three sequential adiabatic reactors using Ni-based Al2O3 as the catalyst at the operating 
temperature between 200-700 oC. Some part of unreacted gas is fed back to the first reactor again 
in order to increase the conversion rate. Theoretically, CO conversion can reach 95% with the 
very high selectivity of methane synthesis from CO (Materazzi et al., 2017). However, it also 
needs many more energy to reach the value, which can reduce the overall energy efficiency of 
the system. Therefore, just around 50% CO conversion is employed in this study and the overall 
energy efficiency is about 36%. The raw methane produced from the reactor is purified to be 95% 
methane and the purged gas is employed as a fuel in a combustor for the electricity generation.  
 
5.3.2. MSW management case 2: different MSW composition  
 In the base case scenario, the employed waste composition used is the same for every 
scenario. However, in a real world, the composition in the MSW is not constant but may change 
according to the collection location of the waste. The different of waste composition may also 
influence the environmental impacts and LCA outcomes (Bisinella et al, 2017). Therefore, it is 
necessary to perform a sensitivity analysis and investigate the environmental impacts associated 
with different waste compositions. The typical waste compositions considered in this study come 
from the work of Evangelisti et al. (2015a), as shown in table 5.1. MSW 1 represents the average 
waste composition in the UK. MSW 2 is the waste without any organic fraction and higher 
plastic waste and MSW 3 contains more inert materials and wood waste.  
 
The different waste compositions may influence dramatically the avoided burden of all processes. 
The more carbon composition in waste causes more products and power generation from each 
process.  
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Figure 5.10 Schematic of material balance flow sheet of the methanation process from MSW. 
 
 
 
Moisture 320 kg  
Methane 103 kg 
O2  
192 kg 
 
Hydrated lime 11 kg  
Raw syngas 906 kg 
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30 kWh 
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LPG 9 kg  
Water 453 kg  
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5.3.3. MSW management case 3: total yield increase 
Another factor that should be considered is the total efficiency of the process. In the base case 
scenario and the different waste composition scenarios, the process performances are set to be 
the same as described before.  However, there are some processes that can be improved in order 
to increase the overall efficiency. In the base case scenario, the carbon conversion from carbon 
monoxide to methanol or DME are set to be 0.4 for the pass-through process. If the processes are 
changed by adding recycle streams or sent back the unreacted gas to the reactor again, the total 
conversion can be increased (Larson and Tingjin, 2003) (Sikarwar et al., 2017). Furthermore, the 
conversion on the methanol hydrolysis in equation (5.2) for the indirect DME synthesis can also 
be achieved at the level of 96% when HZSM-5 is employed as catalyst instead of γ-Al2O3 (Sierra 
et al, 2007). In case of the direct DME synthesis, the syngas conversion of around 60% can be 
obtained with a DME selectivity of 95% when operate at using ratio of H2/CO equals to 1 at 260 
oC and 50 atm (Azizi et al., 2014). Therefore, the amount of methanol and DME can be also 
increased to perform a sensitivity study. The results of the electricity and products generated in 
this case are compared to the base case and described in the next part. 
 
5.4 Life cycle impact assessment 
 
The impact assessment results of all seven processes or alternative scenarios are obtained 
according to the method IMPACT 2002+ using the avoided burden approach as described 
previously. Fifteen normalised impact mid-point categories and four normalised impact end-
point categories for each scenario, based on a functional unit (1000 kg) of MSW composition 1, 
2 and 3 (in table 5.1), are analysed and interpreted. 
5.4.1 Base case  
The normalised impact categories of the seven processes with the base case MSW 
composition 1 (MSW 1) can be obtained as shown in figure 5.11 and figure C1 to C7 in 
appendix C. It can be seen that almost all impact categories analysed by this method have 
negative values for both the mid-point and end-point categories except for the global warming 
impact category. This means that every waste-to-energy and chemicals processes in this study 
cause the lesser environmental impacts than the impact value of one people in the European 
country release in one year for each category (Jolliet et al., 2003). However, in terms of the 
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climate change or global warming, every process still emits more greenhouse gas than the 
average value of a people emits in one year. Some key impact categories are discussed in more 
details in the flowing subsections. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 The normalised impact categories of seven waste-to-energy and chemicals processes 
for the base case MSW composition 1. (a) mid-point categories (b) end-point categories. 
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5.4.1.1 Carcinogens 
The carcinogens represent one of the impact categories related to human health. This impact 
category is presented in the unit of kilogram vinyl chloride (C2H3Cl) equivalent. Figure 5.12 
shows the impact of carcinogens for all seven processes investigated in the current base case 
scenario. It can be clearly seen that all processes that produce chemicals exhibit a negative value 
of the total burden, which means that they have lower impact than the processes with only power 
generation. Moreover, the processes that can produce methanol and DME show a lower total 
burden than the methanation process. Direct DME synthesis process has the least total 
carcinogen impact (-16.96 kg C2H3Cl eq.), followed by the indirect DME synthesis (-15.98 kg 
C2H3Cl eq.) and methanol process (-15.37 kg C2H3Cl eq.). This result relates to the amount of 
DME and methanol produced from the process as shown in figures 5.6, 5.7 and 5.8, the direct 
DME synthesis can produce 69 kg of DME and it has the least amount of the carcinogen 
category, whereas the indirect DME synthesis produces DME 59 kg and methanol 28 kg and it 
becomes the second in terms of total burden on carcinogens impact. Methanol synthesis process 
can produce 98 kg methanol and it has the third rank in this category. Therefore, it can be 
concluded that the production of methanol and DME can reduce the impact from the carcinogens 
category since they can replace methanol and DME produced from natural gas in the commercial 
process (Sikarwar et al., 2017). One kilogram of DME produced has more effect on the 
carcinogen reduction than one kilogram of methanol manufactured from the process. 
 
5.4.1.2 Respiratory inorganic 
Respiratory inorganic is the particulate matter caused by the combustion of fossil fuel, releasing 
aerosol of inorganic compounds such as sulphate or nitrate. It is measured in the unit of kilogram 
particulate matter 2.5 (P.M.2.5) equivalent. Figure 5.13 shows the respiratory inorganic categories 
for burdens, benefits (electricity and products) and the total burden of all seven processes. It is 
obvious that all the total burdens in this category are negative value, which are the results from 
the negative value of the benefit gained from each process. Amongst all these cases, SOFC 
shows the least total impact (-0.23 kg P.M.2.5 eq.) in this category since it gains the lowest 
negative value from the avoided burden (-0.29 kg P.M.2.5 eq.). This is because SOFC process can 
generate more electricity than other processes, as shown in figure 5.9. This amount of electricity 
generated by the SOFC process can substitute the electricity produced from other power 
generation plants, which mainly use fossil fuels such as natural gas and coal (Jeswani and 
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Azapagic, 2016). This kind of fuels have more potential to cause respiratory inorganic substance 
than the energy produced from transformation of waste. Although the chemicals produced from 
methanol, DME synthesis  and methanation process can also reduce the effect of respiratory 
inorganic, since they can substitute the products generated from the general process (methanol -
0.07 kg P.M. 2.5 eq., DME -0.12 kg P.M. 2.5 eq. and methane -0.11 kg P.M. 2.5 eq.), , the 
reduced effects are still smaller than  the reduced effect from the electricity generation in the case 
of the SOFC process. 
 
Figure 5.12 Impact assessment of all seven processes according to the impact category 
‘‘Carcinogens’’. 
 
Figure 5.13 Impact assessment of all seven processes according to the impact category 
‘‘Respiratory inorganic’’ 
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5.4.1.3. Terrestrial ecotoxicity 
Figure 5.14 shows the burden, avoided burden and total burden on the terrestrial ecotoxicity 
impact category from all seven processes expressed in kilogram triethylene glycol equivalent in 
soil (TEG soil). It can be clearly established that methanation process can reduce/avoid the 
largest amount of terrestrial ecotoxicity impact (-30,732 kg TEG soil). The total burden from 
methanation process are -30,102 kg TEG soil. This is because the methane produced from the 
waste process substitutes the methane derived from wood gasification in the current LCA model 
(SimaPro, 2018). As the result, it can reduce the terrestrial ecotoxicity caused by disposal of 
wood ash from the wood gasification process. Other products from the rest processes do not have 
much effect on this category since those products (electricity, methanol and DME) are not 
derived from biomass like wood, but mostly produced from natural gas and coal which does not 
have much effect on this indicator. 
 
Figure 5.14 Impact assessment of all seven processes according to the impact category 
“Terrestrial ecotoxicity”. 
 
5.4.1.4. Land occupation 
Figure 5.15 shows the burden, avoided burden and total burden on the land occupation impact 
category from all seven processes in the unit of m2 organic arable land equivalent. In this 
category, the similar trend as terrestrial ecotoxicity impact is observed. The methanation process 
gain the lowest total burden in terms of land occupation impact (-89.36 m2 organic arable) as 
shown in figure 5.15.  This is also caused by the same reasons discussed for the terrestrial 
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ecotoxicity associated with the fact that the produced methane from waste replaces methane 
derived from wood gasification. Therefore, it can significantly reduce the lands required to 
cultivate wood for methane production.  
 
Figure 5.15 Impact assessment of all seven processes according to the impact category “Land 
occupation”. 
 
5.4.1.5. Global warming 
Figure 5.16 shows the burden, avoided burdens (electricity and products) and total burden of all 
processes in terms of global warming impact category expressed in kilogram of carbon dioxide 
equivalent (kg CO2 eq.). As expected, all total burdens in this category are positive, which is 
affected by a large amounts of greenhouse gas emissions as shown in figure C1 to C7 in the 
appendix C. The bottom ash, APC residues, auxiliary fuels and other chemicals used for cleaning 
gas also have some effects on this category. Despite the avoided burden from the electricity 
generation and chemical products manufactured from the processes, these are still not enough to 
compensate the total burden and generate negative value, as shown in figure 5.16.   
 
When consider on just burdens, the processes with the production of both the electricity and 
chemicals such as methane (752 kg CO2 eq.) and methanol process (772 kg CO2 eq.) gain lesser 
burdens than the power-generating only process (combustion 988 kg CO2 eq., gasification 910 
kg CO2 eq. and SOFC 906 kg CO2 eq.). This is because the processes with the chemical 
production convert some of carbon element in waste into other forms of chemical substances 
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such as methanol, DME and methane, so less amounts of carbon are released to the environment 
in the form of CO2 emission in the flue gas, when compare to the non-chemical production 
processes.  
 
Figure 5.16 Impact assessment of all seven processes according to the impact category ‘‘Global 
warming’’. 
 
However, in terms of the avoided burden, SOFC gains the lowest avoided burden (-569 kg CO2 
eq.) compare to other processes such as methanation (-101 kg CO2 eq.), methanol (-181 kg CO2 
eq.), indirect DME synthesis (-193 kg CO2 eq.) and direct DME synthesis (-229 kg CO2 eq.) 
process. This is because SOFC can generate the largest amount of electricity (1,063 kWh), which 
is higher than all other processes. As such, it seems that the amount of electricity generated has a 
higher contribution towards the reduction of the global warming impact than the production of 
chemicals production. When considering the UK grid mix, it appears that the main fuels (more 
than 50%) to generate power in the UK are natural gas, coal and oil, while the rest are from 
renewable resources (30%) and nuclear power (18%) (BEIS, 2018).    These non-renewable fuels 
produce large amounts of fossil CO2 emission to the environment, therefore, the electricity 
generated from waste can substitute the energy produced from these fossil fuels and can increase 
the avoided global warming burden (decrease further the negative value) associated with the 
process.  As the result, the total burden from SOFC process (337 kg CO2 eq.) becomes the lowest 
value when compare to other processes. 
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5.4.1.6. Non-renewable energy 
Figure 5.17 shows the avoided burdens and the total environmental burdens for the non-
renewable energy category expressed in megajoules (MJ) from primary non-renewable energy. It 
can be clearly seen that the total burdens are all negative in this category. It means that the 
electricity or products generated from each process consume lower non-renewable energy than 
the power or products generated from the general power plant or equivalent industry for the same 
type of products. The main reason is the fuels employed to produce the products and generate the 
electricity. In this scenario, the fuels employed in all processes come from MSW, which are 
commonly eliminated without any benefits to the environment. These alternative sources 
generated from MSW are employed as a fuel to substitute other fossil fuels, which in turn 
reduces the environmental impacts caused by using the non-renewable resources energy. 
Amongst all processes, SOFC has the least total burden in this category (-8,134 MJ primary) 
since it can generate the largest amount of electricity (1,063 kWh) compared to other processes 
as shown in figure 5.17. Although the direct DME synthesis can produce both electricity (287 
kWh) and DME (69 kg), the total associated non-renewable energy burden (-5,186 kWh primary) 
still cannot compete with the electricity generation scenario from SOFC. The incineration also 
exhibits a low total non-renewable energy burden (-5,137 kWh primary), which is close to the 
one obtained in the case of direct DME synthesis although it can produce electricity only (679 
kWh). On the other hand, the methanation process has the highest total burden (-643 kWh 
primary) since it can generate the least amount of electricity (142 kWh). Based on these results, 
it can be concluded that the non-renewable energy category mostly depends on the power 
generated from the process.  
 
Based on all key impact categories discussed above, the global warming impact category seem to 
be the most visible since the normalised value of this indicator has the highest value compared to 
the remaining impact factors as shown in figure 5.11. The total global warming impacts 
associated with every single process are also positive as shown in figure 5.16.  This means that 
all processes have the potential to increase the global warming. This is mainly due to the large 
amount of carbon dioxide emissions in the flue gas as shown in table 5.2. The amount of carbon 
dioxide emitted in the flue gas are related to the number of carbon atoms in the feedstock, so it is 
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necessary to perform the sensitivity analysis by considering different waste compositions as 
described in the following section. 
 
 
Figure 5.17 Impact assessment of all seven processes associated with ‘‘Non-renewable energy’’ 
impact category. 
5.4.2 Impact of MSW composition  
In the previous 7 base case scenarios, the LCA study was conducted by considering the 
MSW composition 1 (MSW 1) as shown in table 5.1. It is important to assess the robustness and 
reliability of the results by performing a sensitivity study where the composition of the main 
element can be modified. As such, a new LCA study was conducted for all scenarios considering 
two different but realistic compositions (MSW 2 and MSW 3). The LCA follows the same 
methodology as described in section 5.3.2.  The LCA results based on MSW 2 and MSW 3 are 
summarised in figure 5.18 and 5.19 respectively. The products and the electricity generation 
counted as avoided burden can be shown in table 5.3. 
 
Figure 5.18 shows the normalised mid-point and end-point impact categories for the LCA on 
MSW 2. It can be seen that the characteristic of the both mid-point and end-point impact 
categories from MSW 2 are quite similar to the base case scenarios. Nearly all impact categories 
are negative except the global warming category.  The trends of indicators are the same as the 
base case scenarios, that are carcinogens, respiratory inorganic, terrestrial ecotoxicity, land 
occupation, global warming and non-renewable energy categories. However, the values for each 
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category are different from the previous case and more precisely, the normalised value of each 
categories in this scenario are higher than the normalised value associated with the base case 
scenarios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18 The normalised impact categories of seven waste-to-energy and chemicals processes 
for MSW composition 2 (MSW 2) (a) mid-point categories (b) end-point categories. 
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Figure 5.19 The normalised impact categories of seven waste-to-energy and chemicals processes 
for MSW composition 3 (MSW 3) (a) mid-point categories (b) end-point categories. 
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Table 5.3 Avoided burdens from chemical and net energy recovery from all seven processes of 
waste-to-energy and chemicals based on one metric ton of three different UK waste 
compositions.  
Avoided burden  Waste type 
 MSW 1 MSW 2 MSW 3 
Chemical product (kg)     
1. Incineration  - - - 
2. Gasification  - - - 
3. Methanol syn. 
(methanol) 
 
98 154 237 
4. Indirect DME syn.  
(methanol + DME) 
 
59+28 92+44 142+68 
5. Direct DME syn. 
(DME) 
 
69 107 166 
6. SOFC  - - - 
7. Methanation 
(methane) 
 56 88 144 
Net energy recovery (kWh)     
1. Incineration  679 1078 1305 
2. Gasification  447 698 920 
3. Methanol synthesis  251 409 491 
4. Indirect DME syn.  201 327 393 
5. Direct DME syn.  287 473 603 
6. SOFC  1063 1791 2218 
7. Methanation  142 325 419 
 
 
Figure 5.19 shows the normalised mid-point and end-point impact categories for the LCA on 
MSW 3. The normalised results appear to be similar in both the MSW 1 and MSW 2 as the 
characteristic of the both mid-point and end-point impact categories are all negative except the 
global warming category which is positive.  The most dominant impact categories are also the 
same as in the previous two waste composition, but with the different values. The normalised 
impact value from MSW 3 seems to be larger than the both two previous compositions. In the 
following, some key impact categories associated with the three MSW compositions are 
discussed in more detail. 
 
5.4.2.1 Carcinogens 
Figure 5.20 shows the carcinogens impact values of all seven processes at the three different 
waste compositions expressed kg vinyl chloride equivalent. It is shown that the lowest value of 
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the carcinogen category in case of the MSW 2 and MSW 3 come from the direct DME synthesis 
process, which is equal to -26.46 kg and -41.83 C2H3Cl eq. respectively. These figures are lower 
than the total burden of the direct DME synthesis from the base case scenario (-16.96 kg C2H3Cl 
eq.).  The carcinogens impact categories of the methanol process from MSW 2 and 3 (-24.9 kg 
and -39.29 C2H3Cl eq.) and indirect DME processes (-25.8 kg and -40.72 C2H3Cl eq.) are also 
lower than the total burdens from the base case scenario (-15.37 kg C2H3Cl for methanol and -
15.98 kg C2H3Cl eq. for indirect DME respectively).  
 
As previously discussed, the total burden on the carcinogen impact category varies according the 
amount of DME and methanol produced from the process, where DME has more effect to reduce 
the burden than methanol based on the same unit.  Both DME processes for MSW 2 and MSW 3 
can produce more DME and methanol than the one for MSW 1 as shown in table 5.3. This is 
because the different between the carbon percentage in each type of MSW. Although MSW 1 
and MSW 2 contain very close amount of carbon element (49.7% and 49.5% based on dry ash 
free basis respectively) as shown in table 5.1, the moisture content in the MSW 1 and MSW 2 are 
significantly different (40% and 12% respectively). When compared on the same functional unit 
(1000 kg), MSW 1 contains 400 kg of moisture at the beginning and has 600 kg as solid fuel, 
whereas MSW 2 has just 120 kg moisture content and has 880 kg of solid fuel. As the result, the 
number of carbon atoms and LHV in the MSW 2 is higher than MSW 1, which also causes the 
lower heating value (LHV) of MSW 2 (16 MJ per kg) becomes higher than MSW 1 (9 MJ per 
kg). In the case of MSW 3, it is clear that the carbon content (66%) is much higher than MSW 1 
(49.7%) and MSW 2 (49.5%) compared on dry ash free basis, as shown in table 5.1, whereas the 
MSW 3 moisture content is the same as MSW 2. As a result, the process using MSW 3 has the 
potential to generate more DME and methanol than the process based on the other two 
compositions.   
 
5.4.2.2 Respiratory inorganic 
Figure 5.21 shows the total respiratory inorganic impact category of all seven processes 
associated with the three different types of MSW. The respiratory inorganic impact values 
associated with MSW 2 and MSW 3 are all lower than the base case scenarios when compare for 
the same process. This is because all the processes that employed MSW 2 and MSW 3 can 
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produce more electricity and products than the base case, which is the effect from the increased 
carbon content and lower heating value in the initial solid fuel.  Therefore, more electricity and 
products generated in this scenario can replace more power and products produced from other 
resources. The impact values from the MSW 3 processes are also smaller than from MSW 2 
processes due to the higher carbon content in the MSW 3 as shown in table 5.1. 
 
 
Figure 5.20 carcinogen impact category of seven waste-to-energy and chemicals processes 
compared for all three MSW composition. 
 
The lowest total burden on this impact category for the processing of MSW 2 is still the SOFC 
process (-0.43 kg P.M.2.5 eq.), which is much lower than the total burden from the SOFC process 
in the base-case scenario (-0.23 kg P.M.2.5 eq.). The reason for this is the SOFC generate much 
more electricity (1791 kWh), which is dramatically increased compared to the SOFC base case 
scenario (1063 kWh). This much higher electricity generation is due to the lower of moisture 
content on MSW 2 (12%), which is lower than moisture content on MSW 1 (40%). Therefore, 
there are more volatile matter and fixed carbon to be converted to heat and syngas, which leads 
to more electricity and products generated.   The second highest process in the total inorganic 
impact category associated with MSW 2 is direct DME synthesis (-0.26 kg P.M.2.5 eq.) and the 
third is incineration (-0.23 kg P.M.2.5 eq.). These rankings are also consistent with the base-case 
scenario, but they are just different on the impact level. Similarly, when considering MSW 3 
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associated processes, the total burdens from SOFC (-0.55 kg P.M.2.5 eq.) is still the lowest one 
followed by the direct DME process (-0.4 kg P.M.2.5 eq.) and indirect DM|E synthesis (-0.31 kg 
P.M.2.5 eq.). It is also the same reason, as discussed earlier, that SOFC associated with MSW 2 
and MSW 3 can generate more electricity (2218 kWh) than the avoided burden from the direct 
DME synthesis (DME 166 kg and electricity 603 kWh), which is due to the difference in carbon 
content. 
 
 
Figure 5.21 Respiratory inorganic category of seven waste-to-energy and chemicals processes 
compared for all three MSW composition. 
 
5.4.2.3 Non-renewable energy 
Figure 5.22 shows the total burden on the non-renewable energy impact category of all seven 
processes from the three compositions of MSW.  All the total impacts are negative and lower 
than the total burden from the base-case scenarios for both MSW 2 and MSW 3.  The impacts 
from MSW 2 processes are lower than from MSW 1 since the later contains less moisture 
content (12%) and ash (9.2%) than the former (40% moisture content, 12.5% ash) and as such it 
has more combustible fraction than MSW 1 even though both of them have the similar carbon 
content (MSW 2 49.5%, MSW 1 49.7%).  On the other hand, the total burden from MSW 2 also 
lesser than from MSW 3 on every process because the amount of the generated electricity and 
chemical products are lower than from MSW 3 processes according to the different between the 
carbon content. 
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Figure 5.22 Non-renewable energy impact category of seven waste-to-energy and chemicals 
processes compared for all three MSW composition. 
 
The lowest impact in the case of MSW 2, is assisted with the SOFC process (-14220 MJ 
primary), followed by the direct DME process (-8602 MJ primary) and incineration (-8556 MJ 
primary) as shown in figure 5.22. Other process results from MSW 2 are also consistent and 
exhibit the same trend with the base case results. However, the ranking changes when MSW 3 is 
employed as a fuel. The least non-renewable energy impact is still associated with the SOFC 
process (-17925 MJ primary) and the second is still the direct DME synthesis (-12911 MJ 
primary). However, the third and the fourth ranks become the indirect DME synthesis (-11419 
MJ primary) and methanol process (-10865 MJ primary) respectively. The total burdens from 
these two processes are lower than those associated with from incineration process (-10656 MJ 
primary). The explanation is quite similar to those discussed in the previous categories more 
specifically the particularly the feedstock higher carbon content (49.5% in MSW 2, 66% in 
MSW 3) which increases the amounts of chemical products and electricity. The amount of non-
renewable energy saved by the substitution from the indirect DME (DME 46 kg, methanol 96 kg 
and the electricity 420 kWh) as well as methanol process (methanol 160 and electricity 428 kWh) 
can overwhelm the value of the impact reduced by the substituting power generated from 
incineration process (electricity 1050 kWh).  As the result, it can be concluded the carbon 
content and different moisture in waste have high impact on the non-renewable impact category. 
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The waste with the higher carbon content and lower moisture content can produce more 
electricity and products which leads to lower avoided burden and total burden.    
   
5.4.2.4 Global warming 
Global warming (GW) is the hot spot impact category in this study since their total burdens 
are all positive values in all different MSW scenarios. Figure 5.23 shows the total impacts from 
all three MSW compositions for overall 7 cases. It can be seen that the total burdens on this 
category are still all positive in every process, where the gasification process exhibits the highest 
total burdens for both MSW 2 and MSW 3 (1026 kg CO2 eq. and 1311 kgCO2 eq. respectively), 
followed by the incineration (945 kg CO2 eq. and 1257 kg CO2 eq.) and methanol synthesis (892 
kg CO2 eq. and 1095 kg CO2 eq.). On the other hand, SOFC turns out to be the best process in 
terms of GW impact category since it exhibits the lowest total burden regardless the MSW 
composition (437 kg CO2 eq. from MSW 2 and 612 kg CO2 eq. from MSW 3), as confirmed in 
figure 5.23. A more detailed discussion of the global warming impact categories including the 
burdens, avoided burden and total burden from each process and waste composition is provided 
below. 
 
Figure 5.23 Global warming (GW) impact category of seven waste-to-energy and chemicals 
processes compared for all three MSW composition. 
 
Figure 5.24 shows the burden, avoided burden and total burden of the incineration process 
associated with all three MSW compositions.  It is obvious that the global warming impact 
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categories for MSW 3 incineration (1956 kg CO2 eq.) is the highest amongst all waste 
compositions, followed by MSW 2 (1522 kg CO2 eq.) and MSW 1 (1011 kg CO2 eq.)  
respectively. This is mainly caused by the large amount of carbon dioxide emitted in the flue gas 
(1910 kg), which are higher than the other two MSW cases (1476 kg from MSW 2 and 941 kg 
from MSW 1). Although the avoided burden from the electricity generation from the incineration 
associated with MSW 3 (-698 kg CO2 eq.) exhibits the minimum value compared to MSW 2 (-
577 kg CO2 eq.) and MSW 1 incineration (-363 kg CO2 eq.), the total GW impact category from 
MSW 3 process is still the highest (1257 kg CO2 eq.). It can be concluded that even though the 
amount of carbon content in the waste is higher and accordingly more electricity can be 
generated from the incineration process, the GW impacts are still high since there are also more 
carbon dioxide produced and emitted from the process 
 
 
 
Figure 5.24 Global warming impact category of the combustion process compared for all three 
MSW composition. 
 
Figure 5.25 shows the GW impact, avoided burden and total burden of the gasification process 
from three MSW compositions.  The trend is similar to the incineration process and accordingly 
the gasification of MSW 3 exhibits the highest impact values (1803 kg CO2 eq.) and the highest 
total burden (1310 kg CO2 eq.) though it presents the lowest level of avoided burden (-493 kg 
CO2 eq.). Moreover, this process also provides the highest total burden on GW since it can 
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generate lower electricity than the combustion process when compared for the same waste 
composition. Therefore, it can be concluded that this process is the worst process in terms of GW 
impact category for any MSW composition. 
 
 
Figure 5.25 Global warming impact category of the of gasification process compared for all 
three MSW composition. 
 
Figure 5.26 shows the GW impact burden, avoided burden and total burden of the methanol 
process for all three MSW compositions.  It can be clearly seen that the burdens from MSW 3 
methanol process (1471 kg CO2 eq.) is higher than the methanol process of MSW 2 (1184 kg 
CO2 eq.) and MSW 1 (772 kg CO2 eq.). Methanol process for SW 3 can produce more methanol 
and electricity and generate a significantly lower avoided burden (-376 kg CO2 eq.) than those 
associated with other MSW compositions (-292 and -191 kg CO2 eq.). However, the total burden 
of MSW 3 (1095 kg CO2 eq.) is still higher than other compositions (891 and 591 kg CO2 eq.). 
When compared to the other process, the total burden from the methanol process (1095 kg CO2 
eq.) is still lower than the incineration (1257 kg CO2 eq.)  and gasification (1310 kg CO2 eq.) for 
the same composition. 
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Figure 5.26 Global warming impact category of the methanol synthesis process compared for all 
three MSW composition. 
 
Figure 5.27 shows the GW burden, avoided burden and total burden of indirect DME process for 
all three MSW composition. It can be clearly seen that the indirect DME synthesis process on 
MSW 3 has the highest burden (1471 kg CO2 eq.) and the lowest avoided burden (-405 kg CO2 
eq.). The total burden of the MSW 3 indirect DME process (1066 kg CO2 eq.) is also higher than 
those associated with MSW 1 and MSW 2 as shown in figure 5.27. When compared to the 
methanol process for the same waste composition, the total impact from this process is a little bit 
lower than the total impacts from the methanol process. 
 
Figure 5.28 shows that the GW burden, avoided burden and total burden of direct DME process 
for all three MSW compositions. This process also has the same trend with the previously 
described processes that the process associated with MSW 3 has the highest burden (1486 kg 
CO2 eq.), lowest avoided burden (-504 kg CO2 eq.) and the highest total burden (981 kg CO2 eq.). 
However, the total impact on this process is lower than other processes (combustion 1257 kg 
CO2 eq., gasification 1310 kg CO2 eq., methanol 1095 kg CO2 eq. and indirect DME 1066 kg 
CO2 eq.).  
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Figure 5.27 Global warming impact category of the indirect DME synthesis process compared 
for all three MSW composition. 
 
 
Figure 5.28 Global warming impact category of the direct DME synthesis process compared for 
all three MSW composition. 
 
Figure 5.29 shows the GW burden, avoided burden and total burden of SOFC process for all 
three MSW compositions.  It also exhibits the same results with other processes that the process 
associated with MSW 3 has the highest burden (1802 kg CO2 eq.), lowest avoided burden (-1190 
kg CO2 eq.) and the highest total burden (612 kg CO2 eq.). Furthermore, it can be noticed that the 
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total burden from SOFC process is always lower than the other processes when compared for the 
same composition. This process also has the lowest avoided burden in every MSW composition 
since a large amount of electricity is generated from the process.  
 
 
 
Figure 5.29 Global warming impact category of the SOFC process compared for all three MSW 
composition. 
 
Figure 5.30 shows the GW burden, avoided burden and total burden of methanation process for 
all three MSW compositions. This process is also with the previous processes. The impacts 
associated with MSW 3 composition processing is the highest burden (1484 kg CO2 eq.), lowest 
avoided burden (-318 kg CO2 eq.) and the highest total burden (1166 kg CO2 eq.). It can be 
noticed that the avoided burden from this process is higher than the avoided burden from other 
processes since this process can generate the least power compared to the other processes. 
However, the GW burden exhibited by this process is the lowest one, since a higher yield of 
methane gas produced (52%), which is more than methanol, indirect DME and direct DME (total 
yield 40% for all process). Therefore, it releases the least amount of carbon dioxide to the 
atmosphere compared to other processes. As the result, the total GW burden from this process is 
still lesser than the gasification and incineration process.  
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Figure 5.30 Global warming impact category of the methanation process compared for all three 
MSW composition. 
 
When considering the ratio between the global warming impact to the total energy (energy from 
electricity and products equivalent energy) gained from each process and different MSW 
composition as shown in table 5.4, it also appears that the GW per total energy recovered from 
SOFC are always the lowest in all compositions (0.32, 0.24 and 0.28 kg CO2 eq. per kWh for 
MSW 1 MSW 2 and MSW 3). It becomes clear that the GW per energy recovery ratio of SOFC 
process associated with MSW 2 is lower than the one associated to MSW 3, even though the 
later (SOFC process for MSW 3) can generate more electricity (2218 kWh) than the former 
(1791 kWh). This is because the MSW 3 case has more total GW burdens than the MSW 2 case 
as shown in figure 5.29 and therefore, the fraction between total GW and energy recovered is 
also higher. The GW impact category for the direct DME associated with MSW 1, MSW 2 and 
MSW 3 are also lowered (0.65, 0.62 and 0.51 kg CO2 eq. per kWh) when the waste composition 
change.  This result is similar to the indirect DME, methanol, methanation and gasification that 
the GW per energy recovered ratio tend to decrease when the higher carbon content wastes are 
employed.  
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Table 5.4 Global warming impact per total energy recovered from seven processes and three 
different MSW composition.   
 
Process 
GW per energy recovered 
(kg CO2. eq. per kWh) 
MSW 1 MSW 2 MSW 3 
1. Incineration 0.92 0.88 0.96 
2. Gasification 1.5 1.47 1.42 
3. Methanol 0.74 0.70 0.6 
4. Indirect DME 0.72 0.68 0.58 
5. Direct DME 0.65 0.62 0.51 
6. SOFC 0.32 0.24 0.28 
7. Methanation 0.69 0.59 0.58 
 
From this scenario, it can be stated that the amount of the combustible substance in the waste is 
the critical parameter when it comes to evaluate the environmental impact categories, especially 
the GW. The combustible fraction depends mainly on the moisture content and carbon 
composition in the MSW.  If the ratio of the combustible in waste fuel increases, every process 
generates more electricity and products (DME, methanol and methane). As a result, more 
avoided burden gained from the process since the increased electricity and products can 
substitute other electricity and products that are generated from the commodity process, which 
mostly use non-renewable fuels. Nevertheless, more carbon content can also cause more carbon 
dioxide emissions from the flue gas and consequently, the number of direct burdens from the 
processes are also increased. Therefore, the total burdens on climate change still increase. There 
are also other parameters that should be considered apart from carbon content and moisture 
content in waste, for example, ash content, hydrogen content, and oxygen content, since these 
factors also have some effects on the combustible fraction, which leads to more or less total 
environmental impact burdens.   
 
For the comparison and the decision making based on the sentimental performance, it can be 
concluded that SOFC exhibits the lowest total burdens on many mid-point impact indicators for 
all MSW compositions (respiratory inorganic, global warming and non-renewable energy), 
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whereas the direct DME synthesis exhibits the lowest total impact in case of the carcinogen 
category for all three compositions. Nevertheless, the other processes which produce chemicals 
(DME, methanol, methane) also tend to reduce the total impact burdens inherent to many impact 
categories such as respiratory inorganic and non-renewable energy. All the above results can be 
summarised in terms of ranking based on the four end-point impact categories for each process 
and each MSW composition as shown in table 5.5.  
 
Table 5.5 End-point impact categories on seven processes and three different MSW composition.  
 
Process 
Ranking 
Human health Eco. quality Climate Resource 
W1 W2 W3 W1 W2 W3 W1 W2 W3 W1 W2 W3 
1. Incineration 6 6 6 7 7 7 6 6 6 3 3 5 
2. Gasification 7 7 7 6 6 6 7 7 7 6 6 6 
3. Methanol 4 4 4 3 4 4 4 4 4 5 5 4 
4. Indirect DME 3 3 3 5 3 3 3 3 3 4 4 3 
5. Direct DME 2 2 1 2 2 2 2 2 2 2 2 2 
6. SOFC 1 1 2 4 5 5 1 1 1 1 1 1 
7. Methanation 5 5 5 1 1 1 5 5 5 7 7 7 
 
From table 5.5, it can be clearly seen that SOFC outranks all other processes on the human health 
impact category when MSW 1 and MSW 2 are employed. However, direct DME synthesis 
becomes the top one in this category when MSW 3 is employed as fuel, because of the increased 
DME production that can indirectly reduce the carcinogen and respiratory inorganic impacts. 
Moreover, the gasification process exhibits the poorest performance in this category (human 
health) due to the low electricity generation and no production of chemicals. In the case of the 
ecosystem quality, the methanation outranks all processes since the produced methane can 
reduce the terrestrial ecotoxicity and land occupation impact categories as shown in figure 5.11. 
On the contrary, the gasification and incineration processes exhibit the poorest performance 
since only power-generation is considered.  
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In terms of climate change or global warming, SOFC exhibits the best performance for any waste 
composition due to the high-performance power generation, so it can effectively substitute the 
electricity generated from other resources. However, it is worth noting that when the waste 
composition changes to allow more carbon content, the direct DME synthesis becomes in the 
second rank and the climate change impact also get closer to SOFC process, as shown in figure 
5.23. The gasification process is always in the last rank in the climate change category.  
 
Finally, when the resource impact category is considered, it can be seen that the SOFC process 
outperforms all process for all MSW compositions.   This result is consistent with the high 
avoided burden inherent to the large amount of electricity generated from SOFC to substitute 
electricity generated from other non-renewable energy resources in the UK grid mix. The direct 
DME synthesis is still in the second rank for all waste compositions. The indirect DME synthesis 
and methanol synthesis also get the higher rank when the waste composition is changed to 
contain more combustible fraction since they can produce more chemicals.  
 
All these results are from the same process as described before. If some process parameters are 
changed, the environmental impact may potentially be affected. The last part of this chapter is to 
investigate and discuss the effect of a change of the total synthesis yield on the environmental 
impacts with an emphasis on the global warming. This sensitivity study is key for a reliable 
decision making. 
 
5.4.3 Impact of the process yield 
Figure 5.31 summaries of global warming impact categories obtained at different 
conversion yields (40% and 60%) for the methanol, direct and indirect DME processes, 
considering the base case scenario (MSW 1). It can be clearly seen from table 5.6 that, as 
expected, the amount of methanol and DME produced in the case of the methanol (147 kg 
methanol), indirect DME (63 kg DME, 59 kg methanol) and direct DME (103 kg DME) 
processes all increase compared to the base-case scenario due to the increased yield. However, 
the electricity generated from the process decrease because of the LHV in the unreacted gas are 
reduced as shown in table 5.6. As a result, the total global warming impact category decrease 
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from the base case scenario for the methanol, indirect DME and direct DME process, as shown 
in figure 5.31.  
 
 
Figure 5.31 Global warming impact category of seven waste-to-energy and chemicals processes 
in case of total yield of methanol and DME synthesis equal to 0.4 and 0.6. 
 
Table 5.6 Avoided burdens from chemical and net energy recovery for methanol, indirect and 
direct DME synthesis based on one ton of UK MSW 1 in case of the increase yield from 0.4 to 
be 0.6. 
 
Avoided burden Total yield of methanol and DME 
0.4 0.6 
Chemical product (kg)   
1. Methanol syn. (methanol) 98 147 
2. Indirect DME syn.  
(methanol + DME) 59+28 59+63 
3. Direct DME syn. (DME) 69 103 
Net energy recovery (kWh)   
1. Methanol synthesis 251 179 
2. Indirect DME syn. 201 143 
3. Direct DME syn. 287 222 
 
Figure 5.32 shows the GW burden, avoided burden and total burden for the methanol process in 
the base case and the current scenario. It can be seen that the new scenario (704 kg CO2 eq.) 
exhibits a smaller burden than the base case (772 kg CO2 eq.) due to the reduced carbon dioxide 
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emission in the flue gas, as shown in table 5.6. Therefore, the total burden from this process (538 
kg CO2 eq.) is decreased to be smaller than the total burden from the base case (591 kg CO2 eq.), 
though the sum of the avoided burden from the improved scenario (-167 kg CO2 eq.) is lower 
than the sum of the avoided burden (-181 kg CO2 eq.) from the base case scenario.  
 
 
Figure 5.32 Global warming impact category of the methanol synthesis process compared when 
carbon conversion increased. 
 
Figure 5.33 shows the GW burden, avoided burden and total burden for the indirect synthesis 
process in the base case and the improved process scenario. It becomes clear that the total burden 
from this scenario (496 kg CO2 eq.) is lower than the base case (579 kg CO2 eq.) as both GW 
burden (704 kg CO2 eq.) and total avoided burden (-209 kg CO2 eq.) for the improved process 
are smaller than those associated with the base case (772 kg CO2 eq. and -193 kg CO2 eq., 
respectively). It is also worth noting that the avoided burden from DME and methanol produced 
in the improved  
process (-113 kg CO2 eq.) is lower than the avoided burden from the electricity generation (-96 
kg CO2 eq.) from the same case, which is different from the base case that avoided burden from 
DME and methanol generated (-59 kg CO2 eq.) is higher than the avoided burden from the 
electricity (-137 kg CO2 eq.). This is also due to the increased DME and methanol production 
and the decreased electricity generation in the new scenario. 
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Figure 5.33 Global warming impact category of the indirect DME synthesis process compared 
when carbon conversion increased. 
 
Figure 5.34 shows the GW burden, avoided burden and total burden for the direct DME 
synthesis process in the base case and the improved process scenario. The burden (775 kg CO2 
eq.) from the base case scenario is larger than the burden (709 kg CO2 eq.) from the improved 
process. Moreover, it can be established that the avoided burden from the DME produced in this 
case is much lower (-113 kg CO2 eq.) than the base case (-75 kg CO2 eq.) due to the increased 
total production yield of DME. However, the avoided burden from the electricity generation in 
this case (-119 kg CO2 eq.) becomes higher than the avoided burden from the electricity 
generation in the base case (-154 kg CO2 eq.) The sum of the avoided burden from the base case 
(-229 kg CO2 eq.) becomes higher than the avoided burden in the current case (-232 kg CO2 eq.). 
Therefore, the total burden on global warming in this case (478 kg CO2 eq.) is lower than the 
corresponding one in the base case scenario (546 kg CO2 eq.) as shown in figure 5.34. 
 
Table 5.7 shows the comparison between the GW impact ratio to the energy from electricity and 
fuel recovered from the improved process and the base case process. It is more obvious that the 
increased total yield can reduce the amount of GHG emission per energy recovered from each 
process. The global warming impact per energy dropped from 0.74 kg CO2 eq. per kWh to 0.54 
kg CO2 eq. per kWh, in case of the methanol process. In case of indirect DME synthesis, the GW 
per energy decreases by 0.24 kg CO2 eq. per kWh and for the direct DME process it is reduced 
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by 0.19 kg CO2 eq. per kWh. It can be seen that the increased total yield is more effective on the 
indirect DME synthesis followed by methanol process and the direct DME synthesis respectively. 
 
 
Figure 5.34 Global warming impact category of the direct DME synthesis process compared 
when carbon conversion increased. 
 
Table 5.7 Global warming impact per total energy recovered from 3 improved process compared 
to the base case process.    
 
Process 
GW per energy recovered 
(kg CO2. eq. per kWh) 
 
Yield 0.4 Yield 0.6 
1. Methanol 0.74 0.54 
2. Indirect DME 0.72 0.48 
3. Direct DME 0.65 0.46 
 
The results discussed above confirm that an increased total reaction yield for the methanol, 
indirect and direct DME processes can cut down the global warming impacts due to a lower 
carbon dioxide emitted into the air and a larger number of products. However, the achievement 
of such an improvement on process yield mainly depends on the technology and catalyst used in 
the process. This kind of improvement may require longer research and development time 
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alongside larger operating and capital costs. These economic considerations and criteria are 
discussed in the next chapter. 
 
5.5 Conclusions 
 
A systematic comparison of the environmental impacts associated with several waste-to-energy 
and chemical processes was carried out using LCA approach. Seven key scenarios were 
considered which are the combustion, gasification, methanol synthesis, indirect and direct DME 
synthesis, solid oxide fuel cell (SOFC) and methanation. The LCA approach was performed 
based on a functional unit of one metric ton of the UK municipal solid waste compositions and 
the electricity generated from the processes was exported to the UK grid mixed. Fifteen impact 
midpoint categories were analysed, normalised and summarised into four impact endpoint 
categories according to the method of IMPACT 2002+. The seven scenarios were developed for 
a base case MSW composition then repeated for two additional and different MSW compositions, 
which provide a strong basis for sensitivity analysis and more rigorous reliable decision making. 
The results associated with base case scenarios showed that the SOFC process has the least 
impact on three end-point categories (human health, climate change and resource), while 
methanation exhibits the lowest   ecosystem quality impact category. The main reason for these 
results is the fact that SOFC can generate the highest amount of power, so it has the lowest 
avoided burden on those three indicators. The results from the second sets of scenarios 
demonstrated that different waste composition can cause significantly different environmental 
impacts. For MSW 2 (carbon content 49.5% dry ash free basis, moisture 12% and ash 9.2%), 
SOFC still exhibits the lowest impact in terms of human health, global warming and resource 
categories, while methanation is still the lowest in terms of ecosystem quality impact. In the case 
of MSW 3 (carbon content 66% dry ash free basis, moisture 12% and ash 11.3%), the direct 
DME synthesis becomes the top scenario in the human health, whereas SOFC is still the top one 
in the climate change and resource categories.  Methanation has also the lowest ecosystem 
quality impact. Lastly, sensitivity analysis was performed with improved total yields for 
methanol and DME production, both direct and indirect processes. The results showed that when 
the total yield of the process is improved from 0.4 to be 0.6, all three process exhibit lower 
global warming impact, as expected. This is because there are more carbon atoms converted to 
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methanol and DME in the process, so there are lower amounts of carbon dioxide generated from 
the processes. Nevertheless, the global warming impacts from these improved processes are still 
higher than those associated with the SOFC process. This chapter emphasizes on the 
environmental impacts and demonstrated the complexity of a decision-making approach for 
MSW to energy and chemical systems, given the multi-objective and competing nature of the 
environmental criteria considered. Nevertheless, some reliable decision making can be made 
despite the uncertainly associated with MSW compositions (due to locations and seasons) 
technology readiness levels (yield) and process fluctuations. This investigation consolidates the 
environmental advantages inherent to the SOFC process alongside the direct DME processes. 
However, a more rigorous and holistic decision making should consider additional sustainability 
key features namely economic and social aspects. The technoeconomic aspects, including 
process and superstructure optimisation, which are detailed in chapter 6.  
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Chapter 6 Economic analysis and systematic optimisation  
 
In this chapter, the mathematical model equations of all seven processes for MSW-to-energy and 
chemicals are described. All equations are based on steady state mass balances using the same 
data as those used for the LCA model in the previous chapter. Moreover, the economic analysis 
on each process is also estimated using the net present value (NPV). Finally, both the NPV and 
global warming from the previous LCA model are optimised using single objective and 
multiobjective approaches based on mixed integer non-linear programming (MINLP) and 
epsilon-constraint method. The optimal results are discussed at the end of this chapter. 
 
6.1 Introduction 
 
As stated before, the objective of this study is to find optimal pathways to convert municipal 
solid waste (MSW) to energy and chemicals. Seven key scenarios are considered: the 
combustion, gasification, methanol synthesis, indirect dimethyl ether (DME) synthesis, direct 
dimethyl ether synthesis, solid oxide fuel cell (SOFC) and methanation processes as shown in 
figure 6.1 and 6.2.  A comparative environmental impact assessment of the seven scenarios using 
life cycle assessment (LCA), based on one ton of MSW, has been completed as described in the 
previous chapter.   Therefore, the economic analysis of these seven scenarios are also described 
in this chapter. The objective is to develop a superstructure optimisation approach based on 
mixed integer non-linear programming (MINLP). The maximisation of the net present value 
(NPV) and minimising of a key environmental impact indicator are considered and solved using 
GAMS software. Global warming (GW) obtained from the developed LCA model is chosen to 
be a representative of the environmental problem since it is only one impact category that has the 
positive value from the normalised results as described in chapter 5. The process model 
equations, the detailed economics and environmental impact associated with every process, and 
required to develop the MINLP problem, are described in the following section. 
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Figure 6.1 The superstructure of the municipal solid waste (MSW) to chemicals and energy system. 
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Figure 6.2 Superstructure of the municipal solid waste (MSW) to chemicals and energy system, showing the processing stages (h) and 
the technological alternative (k) in terms of binary decision variables (𝑦𝑦𝑘𝑘,ℎ ∈  {0,1}, ∑ 𝑦𝑦𝑘𝑘,ℎ𝑘𝑘 = 1). 
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6.2 Process model 
 
All the equations related to all seven processes of waste-to-energy and chemicals studied in 
this work are simulated based on mass balance according to the model from Wang and co-
worker (2013).  The details on each stage can be described as follows. 
6.2.1 Pre-processing 
The municipal solid waste (MSW) is firstly dried before further processing in order to 
reduce moisture to be less than 12% (Evangelisti et al., 2015). The overall mass balance in this 
step is: 
𝑚𝑚𝑚𝑚𝑠𝑠𝑤𝑤
𝑝𝑝𝑟𝑟𝑟𝑟  =   𝑦𝑦1,1𝑚𝑚𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤𝑝𝑝𝑟𝑟𝑟𝑟 + 𝑦𝑦1,1𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟                                                                     (6.1) 
Where  𝑚𝑚𝑚𝑚𝑠𝑠𝑤𝑤
𝑝𝑝𝑟𝑟𝑟𝑟 =  mass flow rate of MSW feedstock 
𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟
𝑝𝑝𝑟𝑟𝑟𝑟 =  mass flow rate of moisture evaporated 
𝑚𝑚𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤
𝑝𝑝𝑟𝑟𝑟𝑟 =  mass flow rate of dry MSW 
𝑚𝑚𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤
𝑝𝑝𝑟𝑟𝑟𝑟 =  (1 − 𝑆𝑆𝐻𝐻2𝐶𝐶𝑝𝑝𝑟𝑟𝑟𝑟 )𝑤𝑤𝑚𝑚𝑠𝑠𝑤𝑤,𝐻𝐻2𝐶𝐶𝑚𝑚𝑚𝑚𝑠𝑠𝑤𝑤𝑝𝑝𝑟𝑟𝑟𝑟                                                               (6.2) 
𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟
𝑝𝑝𝑟𝑟𝑟𝑟 =  𝑆𝑆𝐻𝐻2𝐶𝐶𝑝𝑝𝑟𝑟𝑟𝑟 𝑤𝑤𝑚𝑚𝑠𝑠𝑤𝑤,𝐻𝐻2𝐶𝐶𝑚𝑚𝑚𝑚𝑠𝑠𝑤𝑤𝑝𝑝𝑟𝑟𝑟𝑟                                                                         (6.3) 
𝑆𝑆𝐻𝐻2𝐶𝐶
𝑝𝑝𝑟𝑟𝑟𝑟 =  split fraction of water to moisture stream 
𝑤𝑤𝑚𝑚𝑠𝑠𝑤𝑤,𝐻𝐻2𝐶𝐶 =  mass fraction of H2O in MSW 
Dried MSW are transferred to other processes through two routes, which are combustion or 
gasification pathway as shown in the following step. 
6.2.2 Combustion process 
Overall mass balance for the MSW combustion is: 
𝑚𝑚𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤
𝑝𝑝𝑟𝑟𝑟𝑟 +  𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑟𝑟𝑚𝑚𝑏𝑏1 =   𝑦𝑦1,2𝑚𝑚𝑟𝑟𝑥𝑥ℎ𝑟𝑟𝑚𝑚𝑏𝑏1    + 𝑦𝑦1,2𝑚𝑚𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠𝑟𝑟𝑚𝑚𝑏𝑏1                                                (6.4) 
Where  𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑟𝑟𝑚𝑚𝑏𝑏1 =  mass flow rate of air fed to the combustor 
𝑚𝑚𝑟𝑟𝑥𝑥ℎ
𝑟𝑟𝑚𝑚𝑏𝑏1 = mass flow rate of exhaust gas from the combustor 
𝑚𝑚𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠
𝑟𝑟𝑚𝑚𝑏𝑏1 = mass flow rate of slag left at the bottom of the combustor 
Component mass balance: 
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𝑤𝑤𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤,𝑇𝑇𝑚𝑚𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤𝑝𝑝𝑟𝑟𝑟𝑟
𝑉𝑉𝑀𝑀𝑇𝑇
 + � 𝑛𝑛𝑇𝑇,𝑗𝑗𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝑗𝑗𝑟𝑟𝑚𝑚𝑏𝑏1
𝑗𝑗∈𝐽𝐽𝑎𝑎𝑖𝑖𝑎𝑎  =   𝑦𝑦1,2 � 𝑛𝑛𝑇𝑇,𝑗𝑗𝐹𝐹𝑟𝑟𝑥𝑥ℎ1,𝑗𝑗𝑟𝑟𝑚𝑚𝑏𝑏1𝑗𝑗∈𝐽𝐽𝑒𝑒𝑒𝑒ℎ1 + 𝑦𝑦1,2𝑛𝑛𝑇𝑇,𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠𝐹𝐹𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠𝑟𝑟𝑚𝑚𝑏𝑏1         (6.5) 
Where 𝑤𝑤𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤,𝑇𝑇 = mass fraction of the element i in the dry biomass 
𝑉𝑉𝑀𝑀𝑇𝑇 =  molecular weight of the element i 
𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝑗𝑗𝑟𝑟𝑚𝑚𝑏𝑏1 =  molar flow rate of species j in air feed  
𝐹𝐹𝑟𝑟𝑥𝑥ℎ1,𝑗𝑗𝑟𝑟𝑚𝑚𝑏𝑏1 =  molar flow rate of species j in exhaust gas 
𝐹𝐹𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠
𝑟𝑟𝑚𝑚𝑏𝑏1 = mass flow rate of slag left  
𝑛𝑛𝑇𝑇,𝑗𝑗    =   number of atoms of the element i in a molecule of species j 
𝐽𝐽𝑟𝑟𝑇𝑇𝑟𝑟  ∈  {𝑂𝑂2, 𝑁𝑁2} 
𝐽𝐽𝑟𝑟𝑥𝑥ℎ1  ∈  {𝑂𝑂2, 𝑁𝑁2, 𝐶𝐶𝑂𝑂2, 𝐻𝐻2𝑂𝑂, 𝑆𝑆𝑂𝑂2, 𝑁𝑁𝑂𝑂2} 
6.2.3 Air separation unit 
For the gasification process, it is necessary to employ strong and high purity oxidising 
agents to produce syngas. In this case, the oxygen-enriched stream is employed as the oxidising 
agents and can be obtained from the air separation unit as shown in this step. The overall mass 
balance is: 
𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟
𝑟𝑟𝑠𝑠𝑝𝑝 =   𝑚𝑚𝑜𝑜𝑥𝑥𝑦𝑦𝑟𝑟𝑠𝑠𝑝𝑝 + 𝑚𝑚𝑟𝑟𝑇𝑇𝑡𝑡𝑟𝑟𝑠𝑠𝑝𝑝                                                                     (6.6) 
Where  𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑟𝑟𝑠𝑠𝑝𝑝 =  mass flow rate of air feed to the separator 
𝑚𝑚𝑜𝑜𝑥𝑥𝑦𝑦
𝑟𝑟𝑠𝑠𝑝𝑝 = mass flow rate of oxygen stream 
𝑚𝑚𝑟𝑟𝑇𝑇𝑡𝑡
𝑟𝑟𝑠𝑠𝑝𝑝 = mass flow rate of nitrogen stream 
Component mass balance: 
𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑝𝑝  =  𝐹𝐹𝑜𝑜𝑥𝑥𝑦𝑦,𝑗𝑗𝑟𝑟𝑠𝑠𝑝𝑝 +  𝐹𝐹𝑟𝑟𝑇𝑇𝑡𝑡,𝑗𝑗𝑟𝑟𝑠𝑠𝑝𝑝                                                                       (6.7) 
Where 𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑝𝑝 = molar flow rate of species j in air inlet 
𝐹𝐹𝑜𝑜𝑥𝑥𝑦𝑦,𝑗𝑗𝑟𝑟𝑠𝑠𝑝𝑝 =  molar flow rate of species j in oxygen stream 
𝐹𝐹𝑟𝑟𝑇𝑇𝑡𝑡,𝑗𝑗𝑟𝑟𝑠𝑠𝑝𝑝 =  molar flow rate of species j in nitrogen stream 
𝑗𝑗 ≡ 𝐽𝐽𝑟𝑟𝑇𝑇𝑟𝑟   ∈  {𝑂𝑂2, 𝑁𝑁2}                           
6.2.4 Gasification 
Overall mass balance: 
𝑚𝑚𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤
𝑝𝑝𝑟𝑟𝑟𝑟  + 𝑚𝑚𝑜𝑜𝑥𝑥𝑦𝑦𝑟𝑟𝑠𝑠𝑝𝑝+ 𝑚𝑚𝑠𝑠𝑡𝑡𝑚𝑚𝑠𝑠𝑟𝑟𝑠𝑠  =   𝑦𝑦2,2𝑚𝑚𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠  +  𝑦𝑦2,2𝑚𝑚𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠                                      (6.8) 
Where  𝑚𝑚𝑠𝑠𝑡𝑡𝑚𝑚
𝑠𝑠𝑟𝑟𝑠𝑠 =  mass flow rate of steam feed to the gasifier 
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𝑚𝑚𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟
𝑠𝑠𝑟𝑟𝑠𝑠 = mass flow rate of raw syngas produced stream 
𝑚𝑚𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠
𝑠𝑠𝑟𝑟𝑠𝑠 = mass flow rate of slag left from the gasifier 
Component mass balance: 
𝑤𝑤𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤,𝑇𝑇𝑚𝑚𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤𝑝𝑝𝑟𝑟𝑟𝑟
𝑉𝑉𝑀𝑀𝑇𝑇
 + � 𝑛𝑛𝑇𝑇,𝑗𝑗𝐹𝐹𝑜𝑜𝑥𝑥𝑦𝑦,𝑗𝑗𝑟𝑟𝑠𝑠𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑎𝑎𝑖𝑖𝑎𝑎 + 𝑛𝑛𝑇𝑇,𝐻𝐻2𝐶𝐶𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚𝑠𝑠𝑟𝑟𝑠𝑠 =   𝑦𝑦1,2 � 𝑛𝑛𝑇𝑇,𝑗𝑗𝐹𝐹𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑠𝑠𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 +𝑦𝑦1,2 𝑛𝑛𝑇𝑇,𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠𝐹𝐹𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠  (6.9) 
Where 𝑤𝑤𝑝𝑝𝑚𝑚𝑠𝑠𝑤𝑤,𝑇𝑇 = mass fraction of the element i in the dried biomass 
𝑉𝑉𝑀𝑀𝑇𝑇 =  molecular weight of the element i 
𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚
𝑠𝑠𝑟𝑟𝑠𝑠 =  molar flow rate of steam feed 
𝐹𝐹𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑠𝑠𝑟𝑟𝑠𝑠 =  molar flow rate of species j in raw syngas  
𝐹𝐹𝑠𝑠𝑙𝑙𝑟𝑟𝑠𝑠
𝑠𝑠𝑟𝑟𝑠𝑠 = mass flow rate of slag left  
𝑛𝑛𝑇𝑇,𝑗𝑗    =   number of atoms of the element i in a molecule of species j 
Where  𝑖𝑖  ∈  {𝐶𝐶, 𝐻𝐻, 𝑂𝑂, 𝑁𝑁, 𝑆𝑆} / {𝐶𝐶}                         
            𝐽𝐽𝑠𝑠𝑦𝑦𝑟𝑟  ∈  {𝐻𝐻2, 𝐶𝐶𝑂𝑂, 𝐶𝐶𝑂𝑂2, 𝐻𝐻2𝑂𝑂, 𝐶𝐶𝐻𝐻4, 𝐻𝐻2𝑆𝑆}                           
6.2.5 Syngas cooling 
The raw syngas temperature is cooled down by water using the direct cooling system. The 
overall mass balance is: 
 
𝑚𝑚𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟
𝑠𝑠𝑟𝑟𝑠𝑠  + 𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =   𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟  +  𝑚𝑚𝑤𝑤𝑠𝑠𝑡𝑡𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟                                                        (6.10) 
Where  𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟
𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =  mass flow rate of water feed to the syngas cooling unit 
𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 = mass flow rate of cold syngas stream 
𝑚𝑚𝑤𝑤𝑠𝑠𝑡𝑡
𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 = mass flow rate of wastewater stream 
Mole component balance of water-dissolvable species: 
𝐹𝐹𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑠𝑠𝑟𝑟𝑠𝑠  + 𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =   𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟  +  𝐹𝐹𝑤𝑤𝑠𝑠𝑡𝑡,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟                                                          (6.11) 
Where 𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟
𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 = molar flow rate of water feed 
𝐹𝐹𝑤𝑤𝑠𝑠𝑡𝑡,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =  molar flow rate of species j in wastewater 
Where   𝐹𝐹𝑤𝑤𝑠𝑠𝑡𝑡,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =  𝑆𝑆𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟�𝐹𝐹𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑠𝑠𝑟𝑟𝑠𝑠 + 𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟�                                                               (6.12)     
𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =  molar flow rate of species j in cold syngas 
𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =  �1 − 𝑆𝑆𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟��𝐹𝐹𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑠𝑠𝑟𝑟𝑠𝑠 + 𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟�                                                    (6.13) 
140 
 
𝑆𝑆𝑗𝑗
𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =  split fraction of species j to wastewater stream 
𝑗𝑗  ∈  {𝐻𝐻2𝑂𝑂, 𝐶𝐶𝑂𝑂2, 𝐻𝐻2𝑆𝑆}                           
6.2.6 Acid gas removal 
The purpose of this unit is to eliminate the acid gas (H2S and CO2) from the cold syngas. 
The overall mass balance for this unit is: 
 
𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟  =   𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟  + 𝑚𝑚𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟                                                               (6.14) 
Where  𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
𝑟𝑟𝑠𝑠𝑟𝑟 =  mass flow rate of syngas outlet stream 
𝑚𝑚𝑟𝑟𝑠𝑠𝑟𝑟
𝑟𝑟𝑠𝑠𝑟𝑟 = mass flow rate of acid gas stream 
Mole component balance: 
𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟  =   𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟  + 𝐹𝐹𝑟𝑟𝑟𝑟𝑠𝑠,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟                                                               (6.15) 
Where    
𝐹𝐹𝑟𝑟𝑟𝑟𝑠𝑠,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟 =  molar flow rate of species j in acid gas stream 
𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟 =  𝑆𝑆𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟�𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟�                                                                                   (6.16) 
𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟 =  molar flow rate of species j in syngas outlet =  �1 − 𝑆𝑆𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟��𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑦𝑦𝑟𝑟�                                                                         (6.17) 
𝑗𝑗  ≡ Jsyn  ∈  {H2,CO,CO2, H2O,CH4,H2S} 
6.2.7 Sulfur recovery unit 
H2S gas in acid gas stream is separated and oxidised to produce element sulfur. The 
overall mass balance for this stage is: 
 
𝑚𝑚𝑟𝑟𝑟𝑟𝑠𝑠
𝑟𝑟𝑠𝑠𝑟𝑟  + 𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑠𝑠𝑝𝑝𝑙𝑙 =   𝑚𝑚𝑠𝑠𝑓𝑓𝑠𝑠𝑝𝑝𝑙𝑙  + 𝑚𝑚𝑓𝑓𝑙𝑙𝑠𝑠𝑝𝑝𝑙𝑙                                                       (6.18) 
Where  𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑠𝑠𝑝𝑝𝑙𝑙 =  mass flow rate of air inlet 
𝑚𝑚𝑠𝑠𝑓𝑓
𝑠𝑠𝑝𝑝𝑙𝑙 = mass flow rate of elemental sulfur 
𝑚𝑚𝑓𝑓𝑙𝑙
𝑠𝑠𝑝𝑝𝑙𝑙 = mass flow rate of flue gas stream 
Component mass balance for O: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑟𝑟𝑠𝑠,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟
𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 + � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙𝐽𝐽𝑎𝑎𝑖𝑖𝑎𝑎  =   � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑓𝑓𝑙𝑙,𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠                                               (6.19) 
141 
 
Where  𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙 =  molar flow rate of species j in air inlet stream 
𝐹𝐹𝑓𝑓𝑙𝑙,𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙 = molar flow rate of species j in flue gas stream 
𝑛𝑛𝐶𝐶,𝑗𝑗 = number of O atoms in a molecule of species j 
Component mass balance for H: 
� 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑟𝑟𝑟𝑟𝑠𝑠,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟
𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =   � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑓𝑓𝑙𝑙,𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠                                                                       (6.20) 
Where  𝑛𝑛𝐻𝐻,𝑗𝑗 = number of H atoms in a molecule of species j 
Component mass balance for S: 
� 𝑛𝑛𝑆𝑆,𝑗𝑗𝐹𝐹𝑟𝑟𝑟𝑟𝑠𝑠,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟
𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =   � 𝑛𝑛𝑆𝑆,𝑗𝑗𝐹𝐹𝑠𝑠𝑓𝑓,𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠 + � 𝑛𝑛𝑆𝑆,𝑗𝑗𝐹𝐹𝑓𝑓𝑙𝑙,𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠                                               (6.21) 
Where  𝐹𝐹𝑠𝑠𝑓𝑓,𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙 =  molar flow rate of species j in elemental sulphur stream =  � 𝑅𝑅𝑗𝑗𝑠𝑠𝑝𝑝𝑙𝑙𝐹𝐹𝑟𝑟𝑟𝑟𝑠𝑠,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟
𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠                                                                                    (6.22) 
𝑛𝑛𝑆𝑆,𝑗𝑗 = number of S atoms in a molecule of species j  Jsul  ∈  {CO,CO2, H2O,CH4,H2S} 
6.2.8 Hydrogen production 
The syngas is conditioned by increasing the proportion of H2 gas in this stage. The 
overall mass balance is:  
 
𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
𝑟𝑟𝑠𝑠𝑟𝑟  + 𝑚𝑚𝑠𝑠𝑡𝑡𝑚𝑚ℎ𝑝𝑝 =   𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟ℎ𝑝𝑝  +  𝑚𝑚ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝    + 𝑚𝑚𝑤𝑤𝑠𝑠𝑡𝑡ℎ𝑝𝑝                                                  (6.23) 
Where  𝑚𝑚𝑠𝑠𝑡𝑡𝑚𝑚
ℎ𝑝𝑝 =  mass flow rate of steam inlet 
𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
ℎ𝑝𝑝 = mass flow rate of syngas outlet 
𝑚𝑚ℎ𝑦𝑦𝑝𝑝
ℎ𝑝𝑝 = mass flow rate of hydrogen gas produced stream 
𝑚𝑚𝑤𝑤𝑠𝑠𝑡𝑡
ℎ𝑝𝑝 = mass flow rate of gas contaminant stream 
H balance:  
� 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟
𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 + 2𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚ℎ𝑝𝑝  =   2𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝 + � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠    + � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑤𝑤𝑠𝑠𝑡𝑡,𝑗𝑗ℎ𝑝𝑝𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠               (6.24) 
Where  𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚
ℎ𝑝𝑝 =  molar flow rate of steam inlet 
𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝 = mass flow rate of species j in syngas outlet stream 
142 
 
𝐹𝐹ℎ𝑦𝑦𝑝𝑝
ℎ𝑝𝑝 = molar flow rate of hydrogen gas produced stream 
𝐹𝐹𝑤𝑤𝑠𝑠𝑡𝑡,𝑗𝑗ℎ𝑝𝑝 = molar flow rate of species j in gas contaminant stream 
𝑛𝑛𝐻𝐻,𝑗𝑗 = number of H atoms in a molecule of species j 
C balance : 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟
𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =   � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠                                                                (6.25) 
Where  𝑛𝑛𝐶𝐶,𝑗𝑗 = number of C atoms in a molecule of species j 
O balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑠𝑠𝑟𝑟
𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  +  𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚ℎ𝑝𝑝 =   � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠                                                    (6.26) 
Where  𝑛𝑛𝐶𝐶,𝑗𝑗 = number of O atoms in a molecule of species j 
The hydrogen gas can be generated through two reaction pathways, which are the steam 
methane reforming (SMR) in eq. (6.27) and the water-gas shift reaction (WGS) in eq. 
(6.28) 
H2 production reaction 1 (SMR): 
𝐶𝐶𝐻𝐻4 +   𝐻𝐻2𝑂𝑂  →   𝐶𝐶𝑂𝑂  + 3𝐻𝐻2                                                                                     (6.27) 
H2 production reaction 2 (WGS): 
𝐶𝐶𝑂𝑂  + 𝐻𝐻2𝑂𝑂  →   𝐶𝐶𝑂𝑂2 +  𝐻𝐻2                                                                                      (6.28) 
H2 produced: 
𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2ℎ𝑝𝑝  +  𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝 =    3𝑅𝑅𝐻𝐻2𝐶𝐶ℎ𝑝𝑝1𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚ℎ𝑝𝑝   + 𝑅𝑅𝐻𝐻2𝐶𝐶ℎ𝑝𝑝2(1 − 𝑅𝑅𝐻𝐻2𝐶𝐶ℎ𝑝𝑝1)𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚ℎ𝑝𝑝 + 𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝑟𝑟𝑠𝑠𝑟𝑟                     (6.29) 
Where  𝑅𝑅𝐻𝐻2𝐶𝐶
ℎ𝑝𝑝1 = the conversion rate of steam in the SMR reaction 
𝑅𝑅𝐻𝐻2𝐶𝐶
ℎ𝑝𝑝2 = the conversion rate of steam in the WGS reaction 
Water left in syngas: 
𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶ℎ𝑝𝑝  =   𝑆𝑆𝐻𝐻2𝐶𝐶ℎ𝑝𝑝 �(1 − 𝑅𝑅𝐻𝐻2𝐶𝐶ℎ𝑝𝑝2) �1 − 𝑅𝑅𝐻𝐻2𝐶𝐶ℎ𝑝𝑝1�(𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚ℎ𝑝𝑝 + 𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶𝑟𝑟𝑠𝑠𝑟𝑟 )�                          (6.30) 
Where  𝑆𝑆𝐻𝐻2𝐶𝐶
ℎ𝑝𝑝 = the split fraction of H2O to the syngas exiting stream.      
The conditioned syngas and hydrogen stream are employed as feedstock to the different 
four processes, which are methanol synthesis, dimethyl ether (DME) synthesis, solid oxide fuel 
cell (SOFC) and methanation process as follows. 
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6.2.9 Methanol synthesis 
Overall mass balance: 
𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
ℎ𝑝𝑝   + 𝑚𝑚ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝 =   𝑦𝑦3,3�𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 +  𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠   +  𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠�                             (6.31) 
Where  𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 =  mass flow rate of raw methanol product stream6. 
𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟
𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 = mass flow rate of unreacted syngas outlet stream 
𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟
𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 = mass flow rate of water stream 
C balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =    𝑦𝑦3,3 � � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠       +  � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠   �                       (6.32) 
H balance: 
� 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 + 2𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝  =    𝑦𝑦3,3 � � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠  + � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠  +  2𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠�     (6.33) 
 
O balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =    𝑦𝑦3,3 � � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠  + � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠   +  𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠�                (6.34) 
Where  𝐹𝐹𝑠𝑠𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 =  molar flow rate of raw methanol stream  
𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 = molar flow rate of species j in syngas outlet stream 
𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟
𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 = molar flow rate of water stream  Jmtn  ∈  {H2,CO,CO2, H2O,CH4,CH3OH} 
methanol synthesis reaction 1: 
𝐶𝐶𝑂𝑂 +   2𝐻𝐻2  →  𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻                                                                                                (6.35) 
methanol synthesis reaction 2: 
𝐶𝐶𝑂𝑂2  + 3𝐻𝐻2  →   𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂                                                                                 (6.36) 
methanol produced: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠  =    �𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠1𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝   + 𝑅𝑅𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝 �                              (6.37) 
CO balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 =    (1 − 𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠1)𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝                                                       (6.38) 
144 
 
CO2 balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠   =   (1 − 𝑅𝑅𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠2)𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝                                                   (6.39) 
H2 balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐻𝐻2𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠 + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠  =  𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2ℎ𝑝𝑝 + 𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝  − 2𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠1𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝 − 3𝑅𝑅𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝          (6.40) 
H2O balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐻𝐻2𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠  +  𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠=   𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶ℎ𝑝𝑝   +    𝑅𝑅𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝                                  (6.41) 
Where  𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠1 = conversion rate of CO in methanol synthesis reaction 1. 
𝑅𝑅𝐶𝐶𝐶𝐶2
𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠2 = conversion rate of CO2 in methanol synthesis reaction 2. 
6.2.10 Indirect DME synthesis 
In this process, the raw methanol produced from the methanol synthesis is used as the 
feedstock to produce DME. The overall mass balance is: 
𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝
𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠  =    𝑦𝑦4,3�𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠    +  𝑚𝑚𝑟𝑟𝑓𝑓𝑙𝑙𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠�                                      (6.42) 
Where  𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 =  mass flow rate of raw DME product stream 
𝑚𝑚𝑟𝑟𝑓𝑓𝑙𝑙
𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 = mass flow rate of effluent stream 
C balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠
𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠  =  𝑦𝑦4,3  � � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑖𝑖𝑚𝑚𝑒𝑒  +  � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑓𝑓𝑙𝑙𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑒𝑒𝑒𝑒𝑠𝑠 �             (6.43) 
H balance: 
� 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠
𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠  =  𝑦𝑦4,3  � � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑖𝑖𝑚𝑚𝑒𝑒  +  � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑟𝑟𝑓𝑓𝑙𝑙𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑒𝑒𝑒𝑒𝑠𝑠 �             (6.44) 
O balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠
𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡𝑠𝑠  =   𝑦𝑦4,3 � � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑖𝑖𝑚𝑚𝑒𝑒  +   � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑓𝑓𝑙𝑙𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑒𝑒𝑒𝑒𝑠𝑠 �             (6.45) 
Where  𝐹𝐹𝑟𝑟𝑝𝑝𝑚𝑚𝑟𝑟𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 =  molar flow rate of raw DME stream  
𝐹𝐹𝑟𝑟𝑓𝑓𝑙𝑙
𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 = molar flow rate of effluent stream  𝐽𝐽𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟  ∈  {H2,CO,CO2, H2O,CH4,CH3OH,CH3OCH3}  𝐽𝐽𝑟𝑟𝑓𝑓𝑙𝑙  ∈  {H2O,CH3OH} 
145 
 
Indirect DME synthesis: 2𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻  →   𝐶𝐶𝐻𝐻3𝑂𝑂𝐶𝐶𝐻𝐻3  +   𝐻𝐻2𝑂𝑂                                                          (6.46) 
 
DME produced: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐻𝐻3𝐶𝐶𝐶𝐶𝐻𝐻3𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠  =    12 𝑅𝑅𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠                                                      (6.47) 
CH3OH balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 + 𝐹𝐹𝑟𝑟𝑓𝑓𝑙𝑙,𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠  =    (1 − 𝑅𝑅𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 )𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠                                           (6.48) 
H2O balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐻𝐻2𝐶𝐶𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠  + 𝐹𝐹𝑟𝑟𝑓𝑓𝑙𝑙,𝐻𝐻2𝐶𝐶𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 =   𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐻𝐻2𝐶𝐶𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠   +  12 𝑅𝑅𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑚𝑚𝑡𝑡𝑟𝑟𝑠𝑠                                (6.49) 
Where  𝑅𝑅𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻
𝑇𝑇𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 = conversion rate of methanol to DME. 
6.2.11 Direct DME synthesis 
The refined syngas and hydrogen stream are employed to produce DME directly. The 
overall mass balance for this process is: 
 
𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
ℎ𝑝𝑝   + 𝑚𝑚ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝 =    𝑦𝑦5,3�𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠   +  𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠   +  𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠�                              (6.50) 
Where  𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 =  mass flow rate of raw DME stream 
𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟
𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 =  mass flow rate of unreacted syngas stream 
𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟
𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 = mass flow rate of water stream 
C balance : 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =  𝑦𝑦5,3  � � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑚𝑚𝑒𝑒    + � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑚𝑚𝑒𝑒 �                (6.51) 
H balance : 
� 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 + 2𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝  =  𝑦𝑦5,3  � � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑚𝑚𝑒𝑒  + � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑚𝑚𝑒𝑒  +  2𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠� (6.52) 
O balance : 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =   𝑦𝑦5,3 � � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑚𝑚𝑒𝑒  + � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠𝑗𝑗∈𝐽𝐽𝑖𝑖𝑚𝑚𝑒𝑒  +  𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠�    (6.53) 
146 
 
Where  𝐹𝐹𝑟𝑟𝑝𝑝𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 =  molar flow rate of raw DME stream  
𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 = molar flow rate of species j in syngas outlet stream 
𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟
𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 = molar flow rate of water stream  𝐽𝐽𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟   ∈  {H2,CO,CO2, H2O,CH4,CH3OCH3} 
DME synthesis reaction 1: 2𝐶𝐶𝑂𝑂 +   4𝐻𝐻2  →   𝐶𝐶𝐻𝐻3𝑂𝑂𝐶𝐶𝐻𝐻3  +  𝐻𝐻2𝑂𝑂                                                                             (6.54) 
DME synthesis reaction 2: 2𝐶𝐶𝑂𝑂2  + 6𝐻𝐻2  →  𝐶𝐶𝐻𝐻3𝑂𝑂𝐶𝐶𝐻𝐻3  +   3𝐻𝐻2𝑂𝑂                                                                           (6.55) 
DME produced: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐻𝐻3𝐶𝐶𝐶𝐶𝐻𝐻3𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻3𝐶𝐶𝐶𝐶𝐻𝐻3𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠  =    𝑅𝑅𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠1𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝   + 𝑅𝑅𝐶𝐶𝐶𝐶2𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝                    (6.56) 
CO balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠  =    (1 − 𝑅𝑅𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠1)𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝                                                   (6.57) 
CO2 balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐶𝐶2𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠  =    (1 − 𝑅𝑅𝐶𝐶𝐶𝐶2𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠2)𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝                                                  (6.58) 
H2 balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐻𝐻2𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠  =  𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2ℎ𝑝𝑝 + 𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝  − 2𝑅𝑅𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠1𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝 − 3𝑅𝑅𝐶𝐶𝐶𝐶2𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝  (6.59) 
H2O balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐻𝐻2𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠 =   𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶ℎ𝑝𝑝   +  12 𝑅𝑅𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠1𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝 + 32 𝑅𝑅𝐶𝐶𝐶𝐶2𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝      (6.60) 
Where  𝑅𝑅𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠1 = conversion rate of CO in DME synthesis reaction 1. 
𝑅𝑅𝐶𝐶𝐶𝐶2
𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑠𝑠2 = conversion rate of CO2 in DME synthesis reaction 2. 
6.2.12 SOFC 
Overall mass balance: 
𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
ℎ𝑝𝑝   + 𝑚𝑚ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝 +𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶=   𝑦𝑦6,3�𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 +  𝑚𝑚𝑟𝑟𝑥𝑥ℎ𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶�                                    (6.61) 
Where  𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 =  mass flow rate of air inlet 
𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟
𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 = mass flow rate of unreacted syngas stream 
𝑚𝑚𝑟𝑟𝑥𝑥ℎ
𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 = mass flow rate of exhaust gas stream 
 
 
147 
 
C balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =   𝑦𝑦6,3 � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠                                                            (6.62) 
H balance: 
� 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 + 2𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝  =   𝑦𝑦6,3 � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠                                                        (6.63) 
O balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 + 2𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝐶𝐶2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶  =   𝑦𝑦6,3 � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 + 2𝐹𝐹𝑟𝑟𝑥𝑥ℎ,𝐶𝐶2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶                              (6.64) 
Where  𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 =  molar flow rate of species j in syngas outlet stream 
𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝐶𝐶2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 = molar flow rate of O2 in the air inlet stream 
𝐹𝐹𝑟𝑟𝑥𝑥ℎ,𝐶𝐶2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 = molar flow rate of O2 in the exhaust gas stream 
SOFC reaction 1: 
𝐶𝐶𝑂𝑂 +   12 𝑂𝑂2  =   𝐶𝐶𝑂𝑂2                                                                                                      (6.65) 
 
SOFC reaction 2: 
𝐻𝐻2  +  12 𝑂𝑂2  =   𝐻𝐻2𝑂𝑂                                                                                                      (6.66) 
SOFC reaction 3: 
𝐶𝐶𝐻𝐻4  + 2𝑂𝑂2  =   𝐶𝐶𝑂𝑂2 +  2𝐻𝐻2𝑂𝑂                                                                                       (6.67) 
CO in the unreacted gas stream: 
𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶  =    (1 − 𝑅𝑅𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶)𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝                                                                                (6.68) 
H2 in the unreacted gas stream: 
𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶  =   ��1 − 𝑅𝑅𝐻𝐻2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶�(𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝 + 𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2ℎ𝑝𝑝 )�                                                              (6.69) 
 
CH4 in the unreacted gas stream: 
𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻4𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶  =    (1 − 𝑅𝑅𝐶𝐶𝐻𝐻4𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶)𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻4ℎ𝑝𝑝                                                                                (6.70) 
CO2 in the unreacted gas stream: 
𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶  =   𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝 + 𝑅𝑅𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝  +𝑅𝑅𝐶𝐶𝐻𝐻4𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻4ℎ𝑝𝑝                                                   (6.71) 
148 
 
H2O in the unreacted gas stream: 
𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶  =   𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶ℎ𝑝𝑝   +    𝑅𝑅𝐻𝐻2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2ℎ𝑝𝑝  +2𝑅𝑅𝐶𝐶𝐻𝐻4𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻4ℎ𝑝𝑝                                           (6.72) 
O2 left in the exhaust gas: 
𝐹𝐹𝑟𝑟𝑥𝑥ℎ,𝐶𝐶2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶  =   𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝐶𝐶2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶  −  12 𝑅𝑅𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝 − 12 𝑅𝑅𝐻𝐻2𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2ℎ𝑝𝑝 − 2𝑅𝑅𝐶𝐶𝐻𝐻4𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻4ℎ𝑝𝑝                    (6.73) 
Where  𝑅𝑅𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 = conversion rate of CO in SOFC reaction 1. 
𝑅𝑅𝐻𝐻2
𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 = conversion rate of H2 in SOFC reaction 2. 
𝑅𝑅𝐶𝐶𝐻𝐻4
𝑆𝑆𝐶𝐶𝑆𝑆𝐶𝐶 = conversion rate of CH4 in SOFC reaction 3. 
6.2.13 Methanation 
Overall mass balance: 
 
𝑚𝑚𝑠𝑠𝑦𝑦𝑟𝑟
ℎ𝑝𝑝   + 𝑚𝑚ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝 =   𝑦𝑦7,3�𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑡𝑡𝑠𝑠 +  𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟𝑚𝑚𝑡𝑡𝑠𝑠   +  𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟𝑚𝑚𝑡𝑡𝑠𝑠  �                                (6.74) 
Where  𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑡𝑡𝑠𝑠 =  mass flow rate of raw methane product stream 
𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟
𝑚𝑚𝑡𝑡𝑠𝑠 = mass flow rate of unreacted syngas stream 
𝑚𝑚𝑤𝑤𝑡𝑡𝑟𝑟
𝑚𝑚𝑡𝑡𝑠𝑠 = mass flow rate of water stream 
C balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =   𝑦𝑦7,3 � � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡       + � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑚𝑚𝑡𝑡𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡 �                        (6.75) 
H balance: 
� 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠 + 2𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝  =  𝑦𝑦7,3  � � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡  + � 𝑛𝑛𝐻𝐻,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑚𝑚𝑡𝑡𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡  +  2𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑚𝑚𝑡𝑡𝑠𝑠�    (6.76) 
 
O balance: 
� 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗ℎ𝑝𝑝
𝑗𝑗∈𝐽𝐽𝑠𝑠𝑦𝑦𝑠𝑠  =   𝑦𝑦7,3 � � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝑚𝑚𝑡𝑡𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡  + � 𝑛𝑛𝐶𝐶,𝑗𝑗𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑚𝑚𝑡𝑡𝑠𝑠𝑗𝑗∈𝐽𝐽𝑚𝑚𝑡𝑡  +  𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑚𝑚𝑡𝑡𝑠𝑠�    (6.77) 
Where  𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝𝑚𝑚𝑡𝑡𝑠𝑠 =  molar flow rate of raw methane product stream  
𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑚𝑚𝑡𝑡𝑠𝑠 = molar flow rate of species j in syngas outlet stream 
 
149 
 
𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟
𝑚𝑚𝑡𝑡𝑠𝑠 = molar flow rate of water stream  Jmt  ∈  {H2,CO,CO2, H2O,CH4} 
methane synthesis reaction 1: 
𝐶𝐶𝑂𝑂 +   3𝐻𝐻2  →   𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂                                                                                      (6.78) 
methane synthesis reaction 2: 
𝐶𝐶𝑂𝑂2  + 4𝐻𝐻2  →   𝐶𝐶𝐻𝐻4 +  2𝐻𝐻2𝑂𝑂                                                                                  (6.79) 
methane balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐻𝐻4𝑚𝑚𝑡𝑡𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻4𝑚𝑚𝑡𝑡𝑠𝑠  =   𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐻𝐻4ℎ𝑝𝑝  + 𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠1𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝   + 𝑅𝑅𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝                     (6.80) 
CO balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠 =    (1 − 𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠1)𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝                                                     (6.81) 
CO2 balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑠𝑠   =   (1 − 𝑅𝑅𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑠𝑠2)𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝                                                 (6.82) 
H2 balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐻𝐻2𝑚𝑚𝑡𝑡𝑠𝑠 + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝑚𝑚𝑡𝑡𝑠𝑠  =  𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2ℎ𝑝𝑝 + 𝐹𝐹ℎ𝑦𝑦𝑝𝑝ℎ𝑝𝑝  − 3𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠1𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝 − 4𝑅𝑅𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝         (6.83) 
H2O balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝐻𝐻2𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠  + 𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠  +  𝐹𝐹𝑤𝑤𝑡𝑡𝑟𝑟𝑚𝑚𝑡𝑡𝑠𝑠=   𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐻𝐻2𝐶𝐶ℎ𝑝𝑝   + 𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠1𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶ℎ𝑝𝑝  + 2𝑅𝑅𝐶𝐶𝐶𝐶2𝑚𝑚𝑡𝑡𝑠𝑠2𝐹𝐹𝑠𝑠𝑦𝑦𝑟𝑟,𝐶𝐶𝐶𝐶2ℎ𝑝𝑝         (6.84) 
Where  𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑡𝑡𝑠𝑠1 = conversion rate of CO in methane synthesis reaction 1. 
𝑅𝑅𝐶𝐶𝐶𝐶2
𝑚𝑚𝑡𝑡𝑠𝑠2 = conversion rate of CO2 in methane synthesis reaction 2. 
6.2.14 Unreacted gas combustion 
Unreacted gas from the methanol synthesis, DME synthesis, SOFC and methanation 
process is combusted to produce heat. The overall mass balance is: 
𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟
𝐾𝐾 +  𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑟𝑟𝑚𝑚𝑏𝑏2 =   𝑚𝑚𝑟𝑟𝑥𝑥ℎ𝑟𝑟𝑚𝑚𝑏𝑏2                                                                (6.85) 
Where  𝑚𝑚𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟𝐾𝐾 =  mass flow rate of unreacted syngas from the process k 
Where  𝑚𝑚𝑟𝑟𝑇𝑇𝑟𝑟𝑟𝑟𝑚𝑚𝑏𝑏2 =  mass flow rate of air inlet 
𝑚𝑚𝑟𝑟𝑥𝑥ℎ
𝑟𝑟𝑚𝑚𝑏𝑏2 = mass flow rate of exhaust gas stream K  ∈  {mtns, ddmes, SOFC,mts} 
O balance: 
𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝐶𝐶2𝑟𝑟𝑚𝑚𝑏𝑏2 − � 12 𝑅𝑅𝑗𝑗𝑟𝑟𝑚𝑚𝑏𝑏2𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑘𝑘 − � (𝑛𝑛𝑟𝑟,𝑗𝑗+ 14 𝑛𝑛𝐻𝐻,𝑗𝑗)𝑅𝑅𝑗𝑗𝑟𝑟𝑚𝑚𝑏𝑏2𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑘𝑘
𝐽𝐽𝑐𝑐𝑚𝑚𝑐𝑐2 𝑗𝑗∈{𝐶𝐶𝐶𝐶,𝐻𝐻2}   =   𝐹𝐹𝑟𝑟𝑥𝑥ℎ,𝐶𝐶2𝑟𝑟𝑚𝑚𝑏𝑏   (6.86) 
150 
 
H balance: 
�
12 𝑛𝑛𝐻𝐻,𝑗𝑗𝑅𝑅𝑗𝑗𝑟𝑟𝑚𝑚𝑏𝑏2𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑟𝑟𝑥𝑥𝑟𝑟
𝐽𝐽𝑐𝑐𝑚𝑚𝑐𝑐2   =   𝐹𝐹𝑟𝑟𝑥𝑥ℎ,𝐻𝐻2𝐶𝐶𝑟𝑟𝑚𝑚𝑏𝑏2                                                                    (6.87) 
Where  𝐹𝐹𝑝𝑝𝑠𝑠𝑦𝑦𝑟𝑟,𝑗𝑗𝑘𝑘 =  molar flow rate of species j in syngas from process k 
𝐹𝐹𝑟𝑟𝑇𝑇𝑟𝑟,𝐶𝐶2𝑟𝑟𝑚𝑚𝑏𝑏2 = molar flow rate of O2 in air inlet stream 
𝐹𝐹𝑟𝑟𝑥𝑥ℎ,𝐶𝐶2𝑟𝑟𝑚𝑚𝑏𝑏2 = molar flow rate of O2 in exhaust gas stream 
𝑅𝑅𝑗𝑗
𝑟𝑟𝑚𝑚𝑏𝑏2 = conversion rate of species j 
𝐽𝐽𝑟𝑟𝑚𝑚𝑏𝑏2 ∈  {𝐶𝐶𝑂𝑂, 𝐻𝐻2, 𝐶𝐶𝐻𝐻4, 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻, 𝐶𝐶𝐻𝐻3𝑂𝑂𝐶𝐶𝐻𝐻3} 
6.2.15 Product purification 
Each raw product from the methanol synthesis, DME synthesis and methanation process 
is purified as the following mass balance equation: 
 
𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝
𝐾𝐾    =   𝑚𝑚𝑝𝑝𝑝𝑝,𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟  +  𝑚𝑚𝑟𝑟𝑓𝑓𝑙𝑙,𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟                                                          (6.88) 
Where  𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝐾𝐾 =  mass flow rate of raw products from the process K 
Where  𝑚𝑚𝑝𝑝𝑝𝑝,𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟 =  mass flow rate of purified product j 
𝑚𝑚𝑟𝑟𝑓𝑓𝑙𝑙,𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟 = mass flow rate of effluent stream j j  ∈  {methanol, DME,methane} K  ∈  {mtns, idmes, ddmes,mts} 
Mole product balance: 
𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝐾𝐾 =   𝐹𝐹𝑝𝑝𝑝𝑝,𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟 +   𝐹𝐹𝑟𝑟𝑓𝑓𝑙𝑙,𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟                                                                (6.89) 
Where  𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝐾𝐾 =  molar flow rate of species j in raw product from the process K 
𝐹𝐹𝑝𝑝𝑝𝑝,𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟   =  molar flow rate of species j in purified product stream 
Where                =  𝑆𝑆𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟 𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝐾𝐾                                                                                    (6.90)     
𝐹𝐹𝑟𝑟𝑓𝑓𝑙𝑙,𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟   =  molar flow rate of species j in effluent stream 
Where                =  �1 − 𝑆𝑆𝑗𝑗𝑝𝑝𝑝𝑝𝑟𝑟� 𝐹𝐹𝑟𝑟𝑝𝑝𝑝𝑝,𝑗𝑗𝐾𝐾                                                                        (6.91)  
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6.2.16 Economic analysis 
Economic value of all seven processes are estimated based on the process from the above 
model. Firstly, total capital cost (𝐶𝐶𝐶𝐶𝑘𝑘ℎ) for each process are obtained from literature. The capital 
cost of each process is based on the capacity and the sizing factor. 
𝐶𝐶𝐶𝐶𝑘𝑘ℎ =  𝐶𝐶𝐶𝐶𝑘𝑘ℎ𝑏𝑏  � 𝐹𝐹𝑘𝑘ℎ𝐹𝐹𝑘𝑘ℎ𝑏𝑏 �𝑠𝑠𝑓𝑓𝑘𝑘ℎ                                                                   (6.92) 
 
Where  𝐶𝐶𝐶𝐶𝑘𝑘ℎ =  capital cost of technology k in stage h 
𝐶𝐶𝐶𝐶𝑘𝑘ℎ
𝑏𝑏 =  base case / reference capital cost for technology k in stage h  
𝐹𝐹𝑘𝑘ℎ   =  capacity for technology k in stage h 
𝐹𝐹𝑘𝑘ℎ
𝑏𝑏   =  capacity for technology k in stage h in base case 
𝑠𝑠𝑠𝑠𝑘𝑘ℎ   =  the sizing factor of process k in stage h = 0.7 
The direct capital cost for technology k in stage h in the year of interest (𝐶𝐶𝐶𝐶𝑘𝑘ℎ) can be calculated 
by comparing with the capital cost at the reference year (𝐸𝐸𝐶𝐶𝐶𝐶𝑘𝑘ℎ) using Chemical Engineering 
Plant Cost Index (CEPCI) as follows: 
𝐸𝐸𝐶𝐶𝐶𝐶𝑘𝑘ℎ =  𝐶𝐶𝐶𝐶𝑘𝑘ℎ � 𝐶𝐶𝐸𝐸𝑂𝑂𝐶𝐶𝐼𝐼𝐶𝐶𝐸𝐸𝑂𝑂𝐶𝐶𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓�                                                                     (6.93) 
Where  𝐶𝐶𝐸𝐸𝑂𝑂𝐶𝐶𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓 =  Chemical Engineering Plant Cost Index in the reference year 
The data for the base capital cost (𝐶𝐶𝐶𝐶𝑘𝑘ℎ𝑏𝑏 ), capacity in base case (𝐹𝐹𝑘𝑘ℎ𝑏𝑏 ) and reference year can be 
obtained from the literature as shown in table 6.1. The total capital cost (CAPEX) can be 
obtained from the sum of all costs as follows: 
𝐶𝐶𝐴𝐴𝑂𝑂𝐸𝐸𝐶𝐶 =   � �  𝑦𝑦𝑘𝑘,ℎ𝐸𝐸𝐶𝐶𝐶𝐶𝑘𝑘ℎ
𝑘𝑘ℎ
                                                                  (6.94) 
The operational cost (OPEX) is the sum of annual operational cost (OPCkh) from each 
technology k and stage h: 
𝑂𝑂𝑂𝑂𝐸𝐸𝐶𝐶 = � � 𝑦𝑦𝑘𝑘,ℎ
𝑘𝑘  (𝑂𝑂𝑂𝑂𝐶𝐶𝑘𝑘ℎ )ℎ                                                                (6.95) 
The annual operational cost (OPCkh) obtained from the literature are calculated as the percentage 
of the capital cost as shown in table 6.2. The revenue (Rev) can be calculated as the following 
equation: 
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Table 6.1 Base capital cost for all seven processes.    
Process Base cost  Base capacity Year Reference 
Incineration $18  
per ton/year 
0.015  
MW/ton daily 
2008 Ouda et al., 2016 
Gasification $21  
per ton/year 
0.012  
MW/ton daily 
2008 Ouda et al., 2016 
Methanol syn. $30.5 M 20 MW 
biomass 
2007 Tock et al., 2010 
Indirect DME syn. 4% more than 
methanol 
  Salkuyeh et al., 2016 
Direct DME syn. $26 M 20 MW 
biomass 
2007 Tock et al., 2010 
SOFC $1.6 M 0.25 MW 
 
2008 Mcllveen-Wright et al., 
2011 
Methanation $73.1 M 100 MW 2010 Haro et al. 2016 
 
Table 6.2 Operating cost for all seven processes.    
Process Cost factor  Reference 
Incineration $1.75 per ton  Ouda et al., 2016 
Gasification $2.1 per ton   Ouda et al., 2016 
Methanol syn. 4% of CAPEX  Salkuyeh et al., 2016 
Indirect DME syn. 4% of CAPEX  Salkuyeh et al., 2016 
Direct DME syn. 4% of CAPEX  Salkuyeh et al., 2016 
SOFC 9.4% of CAPEX   Mcliveen-Wright et al., 2011 
Methanation Fixed OPEX 8.39% of CAPEX 
$2.7 per kg CO2 removal 
 Haro et al. 2016 
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𝑅𝑅𝑚𝑚𝑅𝑅 =   �𝑂𝑂𝑞𝑞𝑚𝑚𝑝𝑝𝑝𝑝,𝑞𝑞 + 𝑂𝑂𝑟𝑟𝐸𝐸𝑃𝑃�𝑡𝑡𝑜𝑜𝑝𝑝                                                              (6.96) 
Where   𝑂𝑂𝑞𝑞 =  the unit selling price of product q in $ per kg 
𝑚𝑚𝑝𝑝𝑝𝑝,𝑞𝑞 =  mass flow rate of product q 
𝑂𝑂𝑟𝑟 =  selling price of the electricity in $ per kWh 
𝐸𝐸𝑃𝑃 =  amount of the electricity generation from process P in kWh  
𝑟𝑟 ∈  {𝑚𝑚𝑚𝑚𝑡𝑡ℎ𝑎𝑎𝑛𝑛𝑚𝑚𝑙𝑙, 𝐷𝐷𝑉𝑉𝐸𝐸, 𝑚𝑚𝑚𝑚𝑡𝑡ℎ𝑎𝑎𝑛𝑛𝑚𝑚} 
𝑂𝑂 ∈  {𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑟𝑟𝑠𝑠𝑡𝑡𝑖𝑖𝑚𝑚𝑛𝑛, 𝑔𝑔𝑎𝑎𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑐𝑐𝑡𝑡𝑖𝑖𝑚𝑚𝑛𝑛, 𝑚𝑚𝑚𝑚𝑡𝑡ℎ𝑎𝑎𝑛𝑛𝑚𝑚𝑙𝑙, 𝐷𝐷𝑉𝑉𝐸𝐸 , 𝑆𝑆𝑂𝑂𝐹𝐹𝐶𝐶, 𝑚𝑚𝑚𝑚𝑡𝑡ℎ𝑎𝑎𝑛𝑛𝑎𝑎𝑡𝑡𝑖𝑖𝑚𝑚𝑛𝑛 } 
 
Revenues can be calculated from sum of the annual electricity and products selling from each 
technology. The selling price of the electricity in the UK is obtained from the wholesale 
electricity price in 2018, which is about 0.08 $/kWh (Ofgem, 2018). The selling price of 
methanol, DME and methane are 0.42 $/kg, 1.05 $/kg (Salkuyeh et al. 2016) and 0.37 $/kg 
(Salman et al., 2018) respectively. 
 
The annual profit (AP) can be calculated as the following equation: 
𝐴𝐴𝑂𝑂 = Rev −  OPEX                                                                              (6.97)    
The net present value (NPV) can be calculated as the following equation: 
𝑁𝑁𝑂𝑂𝑉𝑉 = − CAPEX + � 𝐴𝐴𝑂𝑂(1 + 𝑟𝑟)𝑡𝑡𝑟𝑟
𝑡𝑡=0
                                                               (6.98)    
Where   𝑟𝑟 =  annual discount rate = 6% 
 𝑡𝑡 =  the interested year (year) 
𝑛𝑛 =  the total life span of the project = 20 years 
6.2.17 Environmental impact assessment 
The life cycle assessment (LCA) is employed for estimating the environmental impact 
using IMPACT 2002+ methodology as described in chapter 5. In this study, the global warming 
potential (GW) is the main factor to be analysed.  The life cycle inventory (LCI) analysis on the 
account of GW can be obtained by 
 
𝐺𝐺𝑀𝑀  =   � � 𝑦𝑦𝑘𝑘,ℎ�𝐺𝐺𝑀𝑀𝑘𝑘ℎ𝑏𝑏𝑝𝑝𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟 − 𝐺𝐺𝑀𝑀𝑘𝑘ℎ𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙 𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟 − 𝐺𝐺𝑀𝑀𝑘𝑘ℎ𝑝𝑝𝑟𝑟𝑜𝑜𝑝𝑝�             (6.99)
𝑘𝑘 ℎ  
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 Where   𝐺𝐺𝑀𝑀             =  the total GW in kton CO2 eq. per year 
𝐺𝐺𝑀𝑀𝑘𝑘ℎ
𝑏𝑏𝑝𝑝𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟   =  the GW from the utility, reagents consumption and 
emissions of technology k and stage h 
𝐺𝐺𝑀𝑀𝑘𝑘ℎ
𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟 =  the GW from the total electricity generation (𝐺𝐺𝑀𝑀𝑂𝑂𝑘𝑘ℎ,𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟 ) and 
consumption (𝐺𝐺𝑀𝑀𝑂𝑂𝑘𝑘ℎ,𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟 ) of technology k and stage h   =  𝐺𝐺𝑀𝑀𝑂𝑂𝑘𝑘ℎ,𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟   − 𝐺𝐺𝑀𝑀𝑂𝑂𝑘𝑘ℎ,𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟                                              (6.100) 
𝐺𝐺𝑀𝑀𝑘𝑘ℎ
𝑝𝑝𝑟𝑟𝑜𝑜𝑝𝑝 =  the avoided GW of products generated from technology k 
and stage h 
6.3 Formulation of the Optimisation problem 
 
The optimisation problem can be formulated as single or a multi-objective optimisation problem 
subject to mass balance equations described above. Two main objective functions are considered; 
one based on the economics (NPV) and the other on the global warming impact (GW). 
 
Max 𝑁𝑁𝑂𝑂𝑉𝑉(𝑥𝑥, 𝑦𝑦) or  
Min 𝐺𝐺𝑀𝑀(𝑥𝑥, 𝑦𝑦) or 
 Max � 𝑁𝑁𝑂𝑂𝑉𝑉
−𝐺𝐺𝑀𝑀
 
   S.T. ℎ(𝑥𝑥, 𝑦𝑦) = 0                                                                                     (6.101)  
 𝑔𝑔(𝑥𝑥, 𝑦𝑦) ≤ 0  
 𝑥𝑥 ∈ R, 𝑦𝑦 ∈  {0,1}   Where   𝑥𝑥 =  mass or mole flow rates  
𝑦𝑦 =  model logic decision 
ℎ(𝑥𝑥, 𝑦𝑦) = mass balance constraints 
𝑔𝑔(𝑥𝑥, 𝑦𝑦) = model design specification 
 
The multi-objective optimisation problem can be solved by employing 𝜖𝜖  -constraint method. 
This method is an efficient deterministic technic to solve the multi-objective optimisation 
problem (Marler and Arora, 2004). The method fundamental is to set an objective function to be 
optimised while the other objective function is transformed into constraints, with one constraint 
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in the case of bi-criteria optimisation. In this study, NPV (equation (6.98)) is set to be the main 
objective function to be optimised and GW (equation (6.99)) is transformed into a constraint. In 
order to carry out the multi-objective optimisation by this method, it is necessary to define the 
upper and lower bound of the system. The lower bound can be obtained from minimising 
equation (6.99) using equations (6.1) to (6.91) and (6.100) as constraints.  The upper bound for 
this optimisation problem is obtained from maximising the objective function (Wang et al., 
2013): 
 
Max :  𝑁𝑁𝑂𝑂𝑉𝑉 − 𝐶𝐶 ∙ 𝐺𝐺𝑀𝑀                                                                (6.103) 
 
Where  𝐶𝐶 is a very small number = 0.00001. The  𝜖𝜖 is set to be 20 values. Finally, the objective 
function in equation (6.98) is maximised in the range of lower and upper bound employing 
equations (6.1) to (6.97) and adding equation (6.102) as constraints: 
 
 𝐺𝐺𝑀𝑀 ≤   𝜖𝜖                                                                            (6.102) 
 
The multi-objective optimisation problem is simulated and solved on GAMS software version 
24.8.4 using BARON as an optimiser. The optimised results are discussed in the next part. 
   
6.4 Results and discussion 
 
 The results on the economic analysis on all 7 MSW-to-energy and chemicals processes in 
terms of NPV ($) against the capacity of MSW in kton per annum (ktpa) and global warming 
(GW) in kton CO2 eq. per year for three MSW composition (MSW 1, MSW 2 and MSW 3) can 
be described as the following subsections. The optimisation results were based on the three 
typical MSW composition are also discussed. 
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6.4.1 Results of the economic analysis 
 
6.4.1.1. NPV against capacity 
Figure 6.3 shows a comparison between NPV and the capacity of all seven processes on a 
period of 20 years. The capacity considered in this case is lower or equal to 160 ktpa using MSW 
1 as feedstock. It can be shown that at the capacity of 16 ktpa, the incineration exhibits the 
highest NPV (6,433,297 USD) followed by the gasification (2,946,823 USD) and SOFC 
(515,142 USD) respectively. All the remaining processes have negative NPV value (D.DME -
3,873,216 USD, methanation -4,526,301 USD, I.DME -11,438,875 USD and methanol -
12,760,412 USD).  This is because the CAPEX ($164/kW) and OPEX ($28/kW) per total energy 
produced from the incineration is lower than all the rest of all processes, as shown in table 6.3. In 
contrast, methanol and indirect DME process have very high CAPEX ($598/kW and $623/kW) 
and OPEX ($688/kW and $711/kW) per energy and their revenues ($817/kW and $984/kW) are 
also not significantly different from the incineration ($890/kW).   However, in case the capacity 
increases to 160 ktpa, it appears that SOFC exhibits the highest NPV (85,078,435 USD) 
followed by the incineration (80,297,325 USD) and direct DME synthesis (64,014,309 USD) 
respectively. These results can be explained by the fact that the CAPEX ($124/kW) and OPEX 
($232/kW) per energy recovery from SOFC process are reduced due to the scaling factor of the 
process (0.7).  Therefore, it increases more the profit ($408/kW) associated with this process and 
since SOFC can generate more electricity (21.22 MWh) than the incineration (12.77 MWh) so 
SOFC shows higher NPV than the other processes at this capacity.  Furthermore, if the capacity 
is dramatically increased to 800 ktpa, the direct DME synthesis becomes the top second 
(517,750,177 USD) in the NPV comparison, as shown in figure 6.4. This is also due to the lower 
capital ($150/kW) and operating costs ($173/kW) which explain the increased profit ($887/kW) 
compared to the case of the lower capacity, as shown in table 6.3. SOFC still exhibits the highest 
NPV (579,167,421 USD) at this capacity as shown in figure 6.4.   
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Table 6.3 Total capital cost, operating cost, revenues, profit in ($/kW/y) and NPV ($) for the 
seven waste-to-energy and chemicals processes at the different waste capacity using MSW 1.   
Capacity 16 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 164 28 890 697 6,433,297 
Gasification 261 58 890 571 2,946,823 
Methanol  598 688 817 -468 -12,760,412 
Indirect DME  623 717 984 -356 -11,438,875 
Direct DME 486 559 1210 166 -3,873,216 
SOFC 247 464 890 180 515,142 
Methanation 185 329 371 -143 -4,526,301 
Capacity 160 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 82 28 890 779 80,297,325 
Gasification 131 58 890 701 47,245,969 
Methanol  300 345 817 173 -6,988,703 
Indirect DME  312 359 984 313 11,218,186 
Direct DME 243 280 1210 687 64,014,309 
SOFC 124 232 890 534 85,078,435 
Methanation 93 174 371 104 5,707,351 
Capacity 800 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 51 28 890 811 432,201,190 
Gasification 81 58 890 751 270,433,256 
Methanol  185 213 817 420 197,114,010 
Indirect DME  193 222 984 570 297,751,867 
Direct DME 150 173 1210 887 517,750,177 
SOFC 76 143 890 671 579,167,421 
Methanation 57 115 371 199 126,600,959 
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Figure 6.3 NPV of all seven processes at the different capacity (≤ 160 ktpa) from MSW 1. 
 
 
 
 
Figure 6.4 NPV of all seven processes at the different capacity (≤ 800 ktpa) from MSW 1. 
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Figure 6.5 shows a comparison between NPV and the capacity of all seven processes in the case 
of MSW 2 as a feedstock, at the capacity up to 160 ktpa. The results in this case have the same 
trend compared to the case of MSW 1 processing. The incineration still has the highest NPV 
score (11,862,690 USD) followed by the gasification (5,225,829 USD) and SOFC (4,781,998 
USD) respectively. The NPV from all the rest processes are also negative as shown in table 6.4.   
This is due to the same reason with the above case that CAPEX ($140 /kW) and OPEX ($17/kW) 
of the incineration are lower than all the rest processes, so it exhibits the highest profit ($559/kW) 
than all other processes at the same capacity. It can also be noticed that the positive NPV value 
in this case is higher than the case that uses MSW 1 as the feedstock because MSW 2 used in this 
case has higher LHV (15 MJ/kg) than MSW 1 (9 MJ/kg) due to the lower moisture and ash 
content as shown in table 5.1 in the previous chapter. Therefore, they can generate more 
electricity than the case of MSW 1 and also generate more total revenues. When considering the 
case where the capacity is increased to 160 ktpa, the same trend as in the previous case is 
obtained. The SOFC becomes the top NPV technology (162,996,356 USD) follows by the 
incineration (141,656,943 USD) and the direct DME synthesis (115,621,842 USD), as shown in 
table 6.4. All scores in this case are also higher than the case of MSW 1, compared at the same 
capacity as shown in table 6.3. 
 
 
Figure 6.5 NPV of all seven processes at the different capacity (≤160 ktpa) from MSW 2. 
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Table 6.4 Total capital cost, operating cost, revenues, profit in ($/kW/y) and NPV ($) for the 
seven waste-to-energy and chemicals processes at the different waste capacity using MSW 2.   
Capacity 16 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 140 17 890 733 11,862,690 
Gasification 244 37 890 609 5,225,829 
Methanol  547 630 818 -359 -16,995,990 
Indirect DME  569 654 983 -240 -14,743,820 
Direct DME 443 509 1204 252 -3,369,855 
SOFC 211 396 890 283 4,781,998 
Methanation 134 243 407 30 -1,884,186 
Capacity 160 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 70 17 890 803 141,656,943 
Gasification 122 37 890 731 78,210,840 
Methanol  274 316 818 228 5,329,258 
Indirect DME  285 328 983 370 35,105,084 
Direct DME 222 255 1204 727 115,621,842 
SOFC 106 199 890 586 162,996,356 
Methanation 67 130 407 210 43,202,928 
Capacity 800 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 46 17 890 827 752,593,268 
Gasification 81 37 890 772 440,985,499 
Methanol  181 208 818 429 363,893,113 
Indirect DME  188 216 983 578 526,728,784 
Direct DME 146 168 1204 889 865,393,541 
SOFC 70 131 890 689 1,036,574,882 
Methanation 44 92 407 271 335,385,438 
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Figure 6.6 NPV of all seven processes at the different capacity (≤800 ktpa) from MSW 2. 
 
Finally, when the capacity increases to 800 ktpa, the same trends are obtained as the SOFC is 
still exhibits the highest NPV (1,036,574 USD) followed by the direct DME synthesis 
(865,393,541 USD) and the incineration (752,593,268 USD) as shown in figure 6.6. NPV from 
all processes in this case are also higher than NPV from the case of MSW 1 when compared for 
the same process but according to different waste compositions as described previously. 
Therefore, it may be concluded that the NPV trends are similar even though the composition of 
waste changes to lower moisture and ash content, since the % carbon component in the waste is 
still the same (MSW 1 49.7%, MSW 2 49.5%) as shown in table 5.1 in chapter 5.  However, the 
value of NPV increases since there are more products and electricity generated in the case of 
MSW 2 than MSW 1 according to the lower moisture and ash in MSW 2. 
 
Figure 6.7 shows a comparison between NPV and the capacity of all seven processes in case of 
MSW 3 as a feedstock, at the capacity up to 160 ktpa. It appears that at a capacity of 16 ktpa, the 
incineration still has the highest NPV (14,747,186 USD), but followed in this case by SOFC 
(7,664,205 USD) instead of the gasification (7,570,720 USD) as opposed the two previous cases. 
Moreover, the direct DME synthesis which normally exhibits a negative NPV value at this 
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capacity also changes to be positive value (4,802,943 USD) though the rest processes are still 
showing negative NPV values as outlined in table 6.5.  All positive NPV values are also 
increased when compared to the 2 previous cases (MSW 1 and MSW 2). This is because the 
increased C composition in MSW 3 (66%), so there is more carbon to be converted to energy or 
chemicals when compared at the same weight of the dry waste.   It is more obvious when the 
capacity increases to 160 ktpa, direct DME synthesis becomes the first rank on NPV 
(218,779,829 USD), which is more than both SOFC (210,209,141 USD) and incineration 
(173,807,106 USD).   This is because there are more DME produced from the process due to 
more carbon composition, therefore, the direct DME synthesis process gains more profits 
($848/kW) than SOFC ($605/kW) and the incineration ($810/kW) as shown in table 6.5.  
When considering a capacity of 800 ktpa, it is clearer that the highest NPV in this case is 
the direct DME process (1,422,416,639 USD) followed by the SOFC (1,308,021,532 USD) and 
indirect DME (933,969,336 USD), as shown in figure 6.8. This result is different from the 
previous two cases, where SOFC was in the first rank followed by direct DME and incineration 
respectively. Moreover, methanol synthesis also exhibits an increasing NPV (670,083,415 USD) 
compared to the gasification (596,444,263 USD), which is also different from the previous two 
waste composition cases, as shown in table 6.5. Therefore, it can be concluded that the increased 
C component can also cause the higher trend of NPV for the process with chemical production 
since there is more carbon converted to products.  
 
Figure 6.7 NPV of all seven processes at the different capacity (≤160 ktpa) from MSW 3 
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Table 6.5 Total capital cost, operating cost, revenues, profit in ($/kW) and NPV ($) for the seven 
waste-to-energy and chemicals processes at the different waste capacity using MSW 3.   
Capacity 16 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 132 14 890 744 14,747,186 
Gasification 225 28 890 637 7,570,720 
Methanol  437 502 812 -127 -14,355,892 
Indirect DME  427 491 933 16 -10,226,886 
Direct DME 349 402 1225 474 4,802,943 
SOFC 198 372 890 320 7,664,205 
Methanation 124 226 405 54 -1,348,781 
Capacity 160 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 66 14 890 810 173,807,106 
Gasification 113 28 890 749 107,178,888 
Methanol  219 252 812 342 56,887,193 
Indirect DME  214 246 933 473 106,472,469 
Direct DME 175 201 1225 848 218,779,829 
SOFC 99 186 890 605 210,209,141 
Methanation 62 122 405 220 61,093,551 
Capacity 800 kton per annum 
Process CAPEX OPEX Revenues Profit NPV  
Incineration 41 14 890 835 919,703,112 
Gasification 69 28 890 792 596,444,263 
Methanol  135 155 812 522 670,083,415 
Indirect DME  132 152 933 650 933,969,336 
Direct DME 108 124 1225 992 1,422,413,639 
SOFC 61 115 890 714 1,308,021,532 
Methanation 38 82 405 284 448,958,249 
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Figure 6.8 NPV of all seven processes at the different capacity (≤ 800 ktpa) from MSW 3. 
 
6.4.1.2. NPV against GW 
NPV from all processes are plotted against global warming (GW) in kton CO2 eq. per year for 
MSW 1, MSW 2 and MSW 3 as shown in figure 6.9, 6.10 and 6.11 respectively. The objective is 
to compare between the process to find out the optimal process (highest NPV and lowest GW) 
for each MSW composition. The details are described below. 
 
Figure 6.9 shows the plot of the NPV against GW for all seven processes from MSW 1. It can be 
seen that SOFC has the both highest NPV ($579 million) and the least GW (272 kton CO2 eq. 
per year) at the maximum capacity (800 ktpa), followed by direct DME synthesis (NPV $518 
million and GW 440 kton CO2 eq. per year). Furthermore, the incineration (NPV $432 million 
and GW 523 kton CO2 eq. per year) is more optimal than the gasification (NPV $270 million and 
GW 541 kton CO2 eq. per year) as well as the indirect DME (NPV $297 million and GW 470 
kton CO2 eq. per year) which is more suitable than the methanol process (NPV $197 million and 
GW 476 kton CO2 eq. per year) and methanation process (NPV $127 million and GW 508 kton 
CO2 eq. per year). However, it is difficult to identify clearly  the most optimal process between 
the incineration and indirect DME synthesis since the incineration has more NPV ($432 million) 
than the indirect DME synthesis ($297 million), but it also produces more GW (523 kton CO2 eq. 
per year) than the other process (470 kton CO2 eq. per year). The same situation also occurs in 
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case of the gasification and methanol process comparison.  The difficulties to compare between 
the process to find out the optimal alternative has been occurred on all capacity as typically 
anticipated for multiobjective optimisation problems where only trade-offs can be achieved. 
Nevertheless, it is still clear that SOFC is the best alternative for MSW 1 on most treatment 
capacities since it always exhibits the highest NPV and lowest GW, as confirmed in figure 6.9. 
 
Figure 6.9 NPV of all seven processes against global warming (GW) for MSW 1. 
 
Figure 6.10 shows NPV against GW for all seven processes from MSW 2. It is obvious that 
SOFC has the highest NPV ($1037 million) and the lowest GW (352 kg CO2 eq. per year) 
followed by direct DME synthesis (NPV $865 million and GW 661 kton CO2 eq. per year) at a 
capacity of 800 ktpa. The other trends are also the same as MSW 1 that the incineration has more 
NPV ($753 million) and lower GW (762 kton CO2 eq. per year) than the gasification (NPV $441 
million and GW 827 kton CO2 eq. per year) as well as the indirect DME which exhibits higher 
more NPV ($527 million) and lower GW (708 kton CO2 eq. per year) than the methanol process 
(NPV $363 million and GW 719 kton CO2 eq. per year) and methanation process (NPV $335 
million and GW 731 kton CO2 eq. per year) at the same capacity. It is also difficult to find a clear 
the process at other capacities, apart from SOFC that seems to be the most favorable process for 
MSW 2 at any capacity. 
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Figure 6.10 NPV of all seven processes against global warming (GW) for MSW 2. 
 
Figure 6.11 shows NPV against GW for all seven processes from MSW 3. In this case, it is even 
more difficult to find out the optimal process from the plots. SOFC has both NPV ($1308 million) 
and GW (493 kton CO2 eq. per year) lesser than the direct DME synthesis (NPV $1422 million 
and GW 792 493 kton CO2 eq. per year) at the capacity of 800 ktpa. When compared on other 
capacities, it is also the same that SOFC has both NPV and GW lower than direct DME. 
Therefore, it is impossible to conclude that which one is more preferable technology for MSW 3. 
This problem needs to be solved by multi-objective optimisation to find out the optimal solution. 
However, it is still obvious that the indirect DME synthesis is better than other process, apart 
from SOFC and direct DME synthesis, since it gains higher NPV ($934 million) and lower GW 
(860 kg CO2 eq. per year) than the incineration, the gasification, the methanol synthesis and the 
methanation at the capacity of 800 ktpa as shown in figure 6.11. This is also the effect from more 
carbon content in MSW 3 (66%), which is more than other waste compositions, so there are 
more DME and methanol produced from the process and lower CO2 emission to the atmosphere 
as described before. 
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Figure 6.11 NPV of all seven processes against global warming (GW) for MSW 3. 
 
6.4.2 Multiobjective optimisation results 
Figure 6.12 shows the optimal solutions for waste-to-energy and chemicals process on 
MSW 1 by optimising between the economic values (maximising NPV) and the environmental 
impact (minimising GW) at the same time. The solutions are plotted in the form of a Pareto 
curve, where X-axis represents global warming (GW) and Y-axis represents net present value 
(NPV). The area under the Pareto front is the feasible area, whereas the area above is the 
infeasible region.   The results show that SOFC is always the optimal process in the optimal 
range (GW 28 to 162 kton CO2 eq. per year) for the case of using MSW 1 as feedstock. It can be 
also seen that if NPV is higher, GW is also higher and if NPV is lower, GW is also lower as 
shown in figure 6.12.  The minimum GW (28.38 kton CO2 eq. per year) is obtained when NPV is 
$35.4 million (point A) corresponding to the capacity of 84 ktpa. The ratio between NPV and 
GW at this point is $1.25 per kg CO2 eq. per annum. and the capital cost (CAPEX) per electricity 
generated is equal to $114.63 per kW/y. The electricity generated at this point is 11.08 MW. 
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Figure 6.12 Pareto curve between NPV and GW for SOFC process on MSW 1. 
 
The maximum NPV ($320.72 million) is obtained when GW equals to 162 kton CO2 eq. per year 
at point B in figure 6.12, which equals to the capacity of 481 ktpa. The ratio between NPV and 
GW at this point is $1.98 per kg CO2 eq. per annum. and the capital cost (CAPEX) per electricity 
generated equals to $67.96 per kW/y. The electricity generated at this point is 63.3 MW. It can 
be seen that CAPEX per electricity generated from at the maximum NPV (point B, $67.96 per 
kW/y) is much lower than CAPEX per electricity generated from point A ($114.63 per kW/y). 
This is caused by the scaling factor from equation (6.92). Therefore, the ratio between NPV and 
GW from point B ($1.98 per kg CO2 eq. per annum) increases from point A ($1.25 per kg CO2 
eq. per annum) for around 58.6%.    
 
Figure 6.13 shows the optimal solutions for waste-to-energy and chemicals process on MSW 2 
from maximising NPV and minimising GW simultaneously. The solutions are also represented 
as a Pareto front, where X-axis is GW and Y-axis is NPV. The results demonstrate that SOFC is 
still always the optimal process in the optimal range (GW 40 to 265 kton CO2 eq. per year) for 
this case. It also has the same trend with MSW 1 that if NPV is higher, GW is also higher and 
vice versa, as shown in figure 6.13.  At point C, the minimum GW (40 kton CO2 eq. per year) is 
obtained when NPV is $80.7 million, which corresponds to a capacity of 92 ktpa. The ratio 
A 
B 
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between NPV and GW at this point is $2.01 per kg CO2 eq. per annum. and CAPEX per 
electricity generated is $95.5 per kW/y. The electricity generated in this case is 20.37 MW 
 
 
Figure 6.13 Pareto curve between NPV and GW for SOFC process on MSW 2. 
 
When considering point D, where the maximum NPV ($750 million) is obtained and GW equals 
to 263 kton CO2 eq. per year. The capacity in this case is 602 ktpa. The ratio between NPV and 
GW at this point is $2.85 per kg CO2 eq. per annum. The capital cost (CAPEX) per electricity 
generated in one year equals to $54.32 per kW/y and the power generated is 134 MW. It can be 
noticed that the NPV per GW ratio ($2.85 per kg CO2 eq. per year) at point D is also higher than 
for point C ($2.01 per kg CO2 eq. per year), since from lower CAPEX per electricity generated 
(point D $54.32 kW/y and point C $95.5/kW/y respectively). Moreover, when compared to the 
previous case where MSW 1 was used as feedstock, it can be seen that this case (using MSW 2) 
has a wider optimal range of GW (MSW 2: 40 to 265 kton CO2 eq. per year, MSW 1: 28 to 162 
kton CO2 eq. per year). All NPV from both point C and D ($81 million and $750 million 
respectively) are also higher than NPV from point A and B ($35 million and $321 million). This 
is because MSW 2 has lower moisture and ash than MSW 1, so it has more LHV than LHV from 
MSW 1 as discussed earlier. Therefore, it can produce more electricity than MSW 1 when 
compared on the same waste feed rate. 
C 
D 
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Figure 6.14 shows the optimal solutions for waste-to-energy and chemicals process on MSW 3 
based on the same approach as in the previous 2 cases by maximising NPV and minimising GW 
simultaneously. The solutions are also represented as Pareto curve, where X-axis is GW and Y-
axis is NPV. The results show that SOFC is the optimal process just in the range of GW between 
36-103 kton CO2 eq. per year as shown in red line from point E to F in figure 6.14. After that, 
direct DME synthesis becomes the optimal process from GW range between 214 to 678 kton 
CO2 eq. per year as shown in blue line from point G to H in figure 6.14.  
 
At point E, the minimum GW (36 kton CO2 eq. per year) is obtained and NPV is $60 million. 
The capacity at this point is 59 ktpa and the ratio between NPV and GW at this point is $1.65 per 
kg CO2 eq. per annum. The CAPEX per power generated is to $102.2 per kW/y and the power 
generated is 16 MW. For point F, GW at this point is 103 kton CO2 eq. per year and NPV is $221 
million. The capacity at this point is 168 ktpa. The ratio between NPV and GW at this point is 
$2.15 per kg CO2 eq. per annum, which is higher than at point E. The CAPEX per power 
generated is to $74.72 per kW/y, which is lower than point E. The power generated is 46 MW. 
 
 
Figure 6.14 Pareto curve between NPV and GW for SOFC and direct DME process on MSW 3.  
 
E 
F 
G 
H 
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When consider in the range between 214 to 678 kton CO2 eq. per year, which the optimal 
process is the direct DME synthesis, NPV obtained at point G is $316 million at the capacity of 
218 ktpa. The NPV per GW ratio is $1.48 per kg CO2 eq. per year and CAPEX per total energy 
recovery is $122 per kW/y. The total energy recovery in this case is 52 MW (electricity 16.3 
MW and DME 36 MW). The maximum NPV for the MSW 3 case is obtained ($1197 millions) 
at point H in figure 6.14. GW and the waste capacity at this point are 678 kton CO2 eq. per year 
and 691 ktpa respectively, which are higher than the both MSW 1 and MSW 2 cases. NPV per 
GW ratio is $1.76 per kg CO2 eq. per year. The CAPEX per electricity generated is $86 per 
kW/y and the total energy recovery in this case is 166 MW (electricity 51.6 MW and DME 113.9 
MW). All these data are summarised in table 6.6. 
 
Table 6.6 Optimal value from Pareto curve for waste-to-energy and chemicals process on MSW1, 
MSW 2 and MSW 3. 
MSW 1 
Point Technology GW 
 (kton CO2 eq./y) 
NPV  
(M$) 
NPV/GW 
($/kg CO2/y) 
CAPEX/energy 
($/kW/y) 
A SOFC 28 35 1.25 115 
B SOFC 162 321 1.98 68 
MSW 2 
Point Technology GW 
 (kton CO2 eq./y) 
NPV  
(M$) 
NPV/GW 
($/kg CO2/y) 
CAPEX/energy 
($/kW/y) 
C SOFC 40 81 2.01 96 
D SOFC 263 750 2.85 54 
MSW 3 
Point Technology GW 
 (kton CO2 eq./y) 
NPV  
(M$) 
NPV/GW 
($/kg CO2/y) 
CAPEX/energy 
($/kW/y) 
E SOFC 36 60 1.65 102 
F SOFC 103 221 2.15 75 
G D.DME 214 316 1.48 122 
H D.DME 678 1197 1.76 86 
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From the above results, it can be seen that the optimal range for MSW 3 (36 to 678 kton CO2 eq. 
per year) is longer than the rest of waste compositions, as shown in table 6.6. This means in case 
of MSW 3 as a feedstock, there are more feasible values (the area under the graph in figure 6.14) 
than the case of MSW 1 and MSW 2. Moreover, the maximum optimal NPV ($1197 million) 
from MSW 3 (point H) and the NPV at the minimum GW point (point E) are also higher than the 
maximum NPV values and NPV at the minimum GW from MSW 1 and MSW 2 as shown in 
table 6.6. This is due to carbon content in MSW 3 (66%) which is higher than MSW 1 (49.6%) 
and MSW 2 (49.4%) as described before, therefore, there are more products or energy recovered 
from the waste and more revenues, which also increases NPV when compared to other cases at 
the same capacity. However, increased  carbon content in the MSW 3 also increases more the 
GW as shown in table 6.6, so some of the ratio values between NPV and GW in case of MSW 3 
are still lower than some points in case of MSW 1 and MSW 2 when compare on the close 
amount of NPV case, for example, NPV per GW at point E ($1.65 per kg CO2 eq./y)  is lower 
than point C ($2.01  per kg CO2 eq./y) and NPV per GW from point G ( $1.48 per kg CO2 eq./y) 
is also lower than from point B ($1.98 per kg CO2 eq./y). Finally, it can be concluded that the 
waste composition is still a key parameter for waste-to-energy and chemicals optimisation since 
it can increase more optimal range (GW) and also exhibits enhanced optimal NPV, as shown in 
the case of MSW 3. It can have this effect even the technology is changed from SOFC to be the 
direct DME synthesis, in the case of MSW 3 at higher range (GW > 214 kton CO2 eq. per year), 
as shown in figure 6.14, which is different from the waste with the lower carbon content that 
always have only one optimal technology, which is SOFC because its high efficiency on 
generating power, as discussed before. 
 
6.5 Conclusions 
 
The economic analysis on seven waste-to-energy and chemicals processes was developed using 
NPV as an indicator. Every process is based on the same waste compositions (MSW 1, MSW 2 
and MSW 3) and process parameters as described in chapter 5, as well as same operating time, 
project period (8000 hours per year, 20 years) and discount rate (6%).The results show that based 
on just NPV and capacity of all waste-to-energy and chemical processes, the incineration process 
has always the highest NPV, in case of low waste capacity (16 ktpa) for every type of waste., but 
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SOFC exhibits the highest NPV in the case of higher capacity (160 ktpa and 800 ktpa) when 
MSW 1 and MSW 2 are used as feedstock. However, when MSW 3 is employed, the direct DME 
synthesis provides the highest NPV for both 160 ktpa and 800 ktpa capacities. On the other hand, 
in the case GW is also considered alongside NPV, SOFC seems to be the best process to process 
MSW 1 and MSW 2 since it delivers the highest NPV and the lowest GW at the same time. 
Nevertheless, when MSW 3 is employed as the feedstock, it appears that the direct DME 
synthesis exhibits higher NPV than SOFC when compare at the same capacity, but it also has 
higher GW than SOFC for all capacities. As discussed, this is because the direct DME synthesis 
produces more DME when the waste has more carbon content, so it delivers more revenues and 
increased NPV compared to SOFC which generates only the electricity. As a result, it is 
necessary to several decision criteria and optimise the system using multiple objective functions, 
which are maximising NPV and minimising GW in this particular case. 𝜖𝜖-constraint method is 
employed for multi-objective optimisation by converting the GW objective to a constraint then 
maximising NPV as a single objective function. The optimisation is carried out by GAMS 
software, using BARON as an optimiser. The optimisation results confirm that in the case of 
MSW 1 and MSW 2 as feedstock, SOFC is the optimal process for waste-to-energy and 
chemicals, since it can provide the highest NPV value and the least GW score. The optimal 
ranges for SOFC process on MSW 1 and MSW 2 are 28-162 kton CO2 eq. per year (capacity 84-
481 kton MSW per year) and 40-263 kton CO2 eq. per year (capacity 92-602 kton MSW per 
year). In case MSW 3 is employed as feedstock, it is shown that the optimal range is between 36-
103 kton CO2 eq. per year (capacity 59-168 kton MSW per year), SOFC is the optimal process. 
However, when the optimal range is between 214-678 kton CO2 eq. per year (capacity 218-691 
kton MSW per year), direct DME synthesis becomes the optimal process. This is because there is 
more carbon content in this kind of waste and as such is more DME can be produced, which has 
a higher market value than electricity, which explains both increased revenues and NPV of the 
process compared to the case of the SOFC. Although SOFC provides lower GW than the direct 
DME process, the increased NPV is enough to make direct DME synthesis to be more 
advantageous than SOFC at the higher capacity (218 to 691 kton MSW per year). The overall 
conclusion and recommendation for the future works are described the chapter 7. 
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Chapter 7 Conclusion and Recommendation for future work 
 
7.1 Conclusion 
 
This research aimed to  identify and optimise alternative technologies of waste-to-energy and 
chemicals based on the UK’s municipal solid wastes. Seven technologies were considered, which 
are combustion, gasification, methanol synthesis, indirect dimethyl ether (DME) synthesis, direct 
dimethyl ether synthesis, solid oxide fuel cell (SOFC) and methanation processes. These 
alternatives were investigated and compared to each other in terms of the environmental impacts 
using the life cycle assessment (LCA) approach. The techno-economic analysis of these seven 
scenarios were also carried out using net present value (NPV) as an indicator. Finally, a key 
environmental impact (global warming; GW) and NPV were optimised simultaneously in order 
to find an optimal technology for MSW in the UK. 
 
Firstly, a literature review of the key waste-to-energy and waste-to-chemicals technologies was 
achieved to set up the research context and identify the gap and development areas. Based on the 
literature review, it was apparent that the thermochemical pathway is more suitable to manage 
the UK waste since its low of organic fraction. All thermochemical are reviewed, which are 
combustion (incineration), pyrolysis and gasification. The waste-to-chemical technologies were 
also reviewed. These technologies mainly rely on converting the syngas produced from the 
gasification into more valuable products such as methanol and DME. Finally, the concept of life 
cycle assessment was introduced.  
 
An equilibrium gasification model was simulated in order to calculate the syngas composition 
from different feedstocks and operating conditions. This model is based on the non-
stoichiometric equilibrium using the Lagrange multiplier method to minimise the total Gibbs free 
energy of the system. It appears that the model can give acceptable predictions compared to the 
literature in a temperature range between 600-900 oC at any equivalent ratio (ER) and can be 
applied to predict the compositions of the syngas which are required for the inventory analysis 
and LCA method.  
 
175 
 
A dynamic kinetic model was also developed to predict the syngas composition according to the 
residence time for biomass gasification process. The model is based on the reaction rate, 
according to the Arrhenius’ equation, so the key parameters are the frequency factors (Ai) and 
activation energy (Ei). The model parameters were ranked in order to find the influential  on the 
model output by employing estimability analysis method. Both the local and global sensitivity 
analysis approaches were employed and compared to the experimental results. Both techniques 
gave similar results and helped improve the parameter estimation and the prediction capability of 
the mathematical model. It also confirmed that the oxidation reactions firstly take place in the 
gasification zone, following by steam reforming of methane reaction, tar cracking reaction, char 
reactions and water-gas shift and reverse water-gas shift reaction respectively. 
 
The detailed environmental impacts of seven waste-to-energy and waste-to-chemicals processes 
(incineration, gasification, methanol synthesis, indirect dimethyl ether (DME) synthesis, direct 
dimethyl ether synthesis, solid oxide fuel cell (SOFC) and methanation processes) were obtained 
using LCA approach. These seven scenarios were compared based on a functional unit of one 
metric ton of the UK municipal solid waste. The method of IMPACT 2002+ was applied to 
characterise the impacts from these technologies. The seven scenarios were developed for a base 
case MSW composition and two different MSW compositions. The collection and transportation 
of waste, the construction of the plant and uncertainty analysis of waste as feedstock were not 
considered in this study. The results showed that the SOFC process has the least impact on three 
end-point categories for the base case because it can generate the highest amount of electricity. 
As a result, it exhibits the highest avoided burden. In the case of the second MSW composition 
(MSW 2), the SOFC exhibited the least impact  on human health, climate change and resource 
depletion. For MSW 3, it was found  that the direct DME synthesis is the top ranked in the 
human health, whereas SOFC is still the top of the climate change and resource categories.  The 
methanation always has the lowest ecosystem quality impact. Lastly, the sensitivity analysis was 
performed by increasing the total yields for methanol and DME (direct and indirect) production. 
The results showed that when the total yield increases from 0.4 to be 0.6, these three processes 
have lower global warming impact, because there are more carbon atoms converted to methanol 
and DME in the process. As such, these processes are more advantageous and exhibit  lower 
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amounts of carbon dioxide released. However, the SOFC process was still the lowest in terms of 
global warming (GW).  
 
The technoeconomic analysis of seven scenario  were carried out by using  the net present value 
(NPV). Three MSW compositions were analysed for the economic aspects. It was proven that the 
incineration process has the highest NPV at low waste capacity (< 16 ktpa) for all types of 
wastes considered , whereas SOFC has the highest NPV for higher capacity (more than 16 ktpa 
to 800 ktpa) for MSW 1 and MSW 2. In case of MSW 3, it appeared that the direct DME 
synthesis has a higher  NPV than SOFC and other processes at any capacity, but also higher GW 
than SOFC. Finally, a multi-objective optimisation was performed to develop a systematic  
decision making between these scenarios by maximising NPV and minimising GW. An 𝜖𝜖 -
constraint method was employed for the multi-objective optimisation by converting the GW 
objective to a constraint and  maximising NPV. The results showed that SOFC is the optimal 
technology for both MSW 1 and MSW 2 in the optimal range between 28-162 kton CO2 eq. per 
year (capacity 84-481 kton MSW 1 per year) and 40-263 kton CO2 eq. per year (capacity 92-602 
kton MSW 2 per year). For MSW 3, SOFC is the optimal process in the range between 36-103 
kton CO2 eq. per year (capacity 59-168 kton MSW 3 per year) and the direct DME synthesis is 
the optimal technology in the range between 214-678 kton CO2 eq. per year (capacity 218-691 
kton MSW per year).  
 
7.2 Recommendation for future work  
 
The LCA model in this work is based on gate-to-gate LCA approach, so it does not include a 
transportation and waste collection routes. These two factors are also important in the decision 
making process to help identify the most cost effective and environmentally friendly waste 
management system (Das and Bhattracharyya, 2015). 
 
There are many researches related to the optimisation of MSW transportation and collection, e.g. 
Asefi and Lim (2017), Nguyen-Trong et al. (2017), Garibay-Rodriguez (2018), Louati et al. 
(2019) Kuznetsova et al. (2019) and Saif et al. (2019). However, all their works just focus on the 
optimisation of the route to the conventional waste treatment process such as the incineration and 
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landfill. Therefore, the optimisation between the length of waste collection and transportation 
routes to the operating plant in the current study should also be added in the future. 
 
Furthermore, there are some more processes on waste-to-chemicals such as Fischer-Tropsch 
synthesis, which is also an interesting option. Although this technology has not been included in 
this work, but it is gaining more attraction among the researchers, so it is also worth investigating 
using  both environmental effects and economic performance (Galadima and Muraza, 2015). 
There are many researchers who studied on the waste to liquid fuel process, for example, 
Niziolek et al. (2017) simulated and optimised their model for producing liquid fuels from MSW, 
but their scope just focused on the process cost minimisation without the environmental impacts 
included as described in chapter 2. Wang et al. (2013) also simulated a MINLP model on FT 
process. They optimised on both the environmental impacts (GW) and economic value (NPV), 
but their work employed biomass as feedstock. Therefore, this work would have been more 
complete if FT had been included in the research. 
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Appendix B 
Calculation of the equilibrium constant of reaction (𝑲𝑲) 
 
Initially, the definition of standard Gibb’s energy of reaction is (Smith et al., 2005) 
 
∆𝐺𝐺° = ∆H° − T∆S°                                                                             (𝐵𝐵1) 
   
 Where ∆𝐺𝐺°   = standard Gibb’s energy change of reaction 
  ∆H°    = standard enthalpy change of reaction 
  ∆S°  = standard entropy change of reaction 
     T  = temperature in Kelvin 
 
The standard heat of reaction is related to temperature as the following equation 
 
∆𝐻𝐻° =  ∆H0o  + 𝑅𝑅 � ∆𝐶𝐶𝑝𝑝𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇                                                          (𝐵𝐵2)𝑇𝑇𝑇𝑇0  
Where ∆H0o  = standard heat of reaction at reference temperature  
      R     = universal gas constant 
  ∆𝐶𝐶𝑝𝑝𝑜𝑜   = standard-state heat capacity, constant pressure 
      𝑇𝑇0  = reference temperature = 298.15 K 
 
And the standard entropy change of reaction is 
 
∆𝑆𝑆° =  ∆S0o  + 𝑅𝑅 � ∆𝐶𝐶𝑝𝑝𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇𝑇𝑇                                                                (𝐵𝐵3)𝑇𝑇𝑇𝑇0  
       
Where ∆S0o  = standard entropy change of reaction at the reference temperature  
 
Combining equations (𝐵𝐵1), (𝐵𝐵2) and (𝐵𝐵3) yields 
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∆𝐺𝐺° = ∆H0o + 𝑅𝑅 � ∆𝐶𝐶𝑝𝑝𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇𝑇𝑇𝑇𝑇0 −  T∆S0o  − 𝑅𝑅𝑇𝑇 � ∆𝐶𝐶𝑝𝑝𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇𝑇𝑇                                   (𝐵𝐵4)𝑇𝑇𝑇𝑇0  
     
Since 
∆S0o  =  ∆H0o −  ∆G0o𝑇𝑇0                                                                            (𝐵𝐵5) 
      
Where ∆G0o  = standard Gibbs free energy change of reaction at the reference    
   temperature.  
 
Hence, equation (𝐵𝐵4) becomes 
  ∆Go = ∆H0o  + R � ∆𝐶𝐶𝑝𝑝𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇𝑇𝑇𝑇𝑇0  −  T �∆H0o  −  ∆G0o𝑇𝑇0 �  −  𝑅𝑅𝑇𝑇 � ∆𝐶𝐶𝑝𝑝𝑜𝑜𝑅𝑅 𝑓𝑓𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇0                       (𝐵𝐵6) 
  
Dividing equation (𝐵𝐵6) by RT yields 
 
∆Go
𝑅𝑅𝑇𝑇
 = ∆H0o
𝑅𝑅𝑇𝑇
 +  ∆G0o −  ∆H0o
𝑅𝑅𝑇𝑇0
  +  1
𝑇𝑇
�
∆𝐶𝐶𝑝𝑝
𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
𝑇𝑇0
 − � ∆𝐶𝐶𝑝𝑝𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
                             (𝐵𝐵7)𝑇𝑇
𝑇𝑇0
 
 
From equation (3.1) in chapter 3, the equilibrium constant of chemical reaction 𝐾𝐾 becomes  
 
𝐾𝐾 = exp �− ∆G0o 
𝑅𝑅𝑇𝑇0
+  ∆H0o
𝑅𝑅𝑇𝑇0
 −  ∆H0o
𝑅𝑅𝑇𝑇
 −   1
𝑇𝑇
�
∆𝐶𝐶𝑝𝑝
𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
𝑇𝑇0
 + � ∆𝐶𝐶𝑝𝑝𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
𝑇𝑇
𝑇𝑇0
�                      (𝐵𝐵8) 
 
According to Perry et al. (1997),  ∆𝐶𝐶𝑝𝑝 can be calculated by 
 
∆𝐶𝐶𝑝𝑝
𝑅𝑅
 = ∆𝐴𝐴 + ∆𝐵𝐵∆𝑇𝑇 + ∆𝐶𝐶𝑇𝑇2 + ∆D𝑇𝑇−2                                                                        (𝐵𝐵9) 
Where ∆𝐴𝐴, ∆𝐵𝐵, ∆𝐶𝐶  and ∆𝐷𝐷 are parameters that can be obtained from Perry’s handbook 
of chemical, which are different for each reaction. 
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From equation (𝐵𝐵9), two integral terms from equation (𝐵𝐵8) can be solved as follows 
 1
𝑇𝑇
�
∆𝐶𝐶𝑝𝑝
𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
𝑇𝑇0
=  �∆𝐴𝐴 +  ∆𝐵𝐵𝑇𝑇2 + ∆𝐶𝐶𝑇𝑇23  −  ∆D𝑇𝑇2 � − �∆𝐴𝐴𝑇𝑇0𝑇𝑇 + ∆𝐵𝐵𝑇𝑇022𝑇𝑇 + ∆𝐶𝐶𝑇𝑇033𝑇𝑇 − ∆D𝑇𝑇 ∙ 𝑇𝑇0�         (𝐵𝐵10) 
 
�
∆𝐶𝐶𝑝𝑝
𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
𝑇𝑇
𝑇𝑇0
= �∆𝐴𝐴𝑙𝑙𝑛𝑛𝑇𝑇 + ∆𝐵𝐵𝑇𝑇 + ∆𝐶𝐶𝑇𝑇22 − ∆D2𝑇𝑇2� − �∆𝐴𝐴𝑙𝑙𝑛𝑛𝑇𝑇0 + ∆𝐵𝐵𝑇𝑇0 + ∆𝐶𝐶𝑇𝑇022 − ∆D2𝑇𝑇02�         (𝐵𝐵11) 
 
Hence, 
 
−
1
𝑇𝑇
�
∆𝐶𝐶𝑝𝑝
𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
𝑇𝑇0
 + � ∆𝐶𝐶𝑝𝑝𝑜𝑜
𝑅𝑅
𝑓𝑓𝑇𝑇
𝑇𝑇
𝑇𝑇
𝑇𝑇0
= �∆𝐴𝐴(𝑙𝑙𝑛𝑛𝑇𝑇 −  1) + ∆𝐵𝐵𝑇𝑇2  + ∆𝐶𝐶𝑇𝑇26  + ∆D2𝑇𝑇2� 
 − �∆𝐴𝐴 �𝑙𝑙𝑛𝑛𝑇𝑇0  −  𝑇𝑇0𝑇𝑇  �  + ∆𝐵𝐵𝑇𝑇02 �2 − 𝑇𝑇0𝑇𝑇  � + ∆𝐶𝐶𝑇𝑇026 �3 − 2𝑇𝑇0𝑇𝑇  � + ∆D2𝑇𝑇 ∙ 𝑇𝑇0 �2 − 𝑇𝑇𝑇𝑇0 ��     (𝐵𝐵12) 
 
Replacing equation (𝐵𝐵12) into equation (𝐵𝐵8) and then rearranges  
 
𝐾𝐾 = exp �− ∆H0o
𝑅𝑅𝑇𝑇
 − �∆G0o − ∆H0o
𝑅𝑅𝑇𝑇0
� +  ∆𝐴𝐴(𝑙𝑙𝑛𝑛𝑇𝑇 − 1) + ∆𝐵𝐵𝑇𝑇2  + ∆𝐶𝐶𝑇𝑇26  + ∆D2𝑇𝑇2
− �∆𝐴𝐴 �𝑙𝑙𝑛𝑛𝑇𝑇0 −
𝑇𝑇0
𝑇𝑇
 � + ∆𝐵𝐵𝑇𝑇02 �2 − 𝑇𝑇0𝑇𝑇  � + ∆𝐶𝐶𝑇𝑇026 �3 − 2𝑇𝑇0𝑇𝑇  � + ∆D2𝑇𝑇 ∙ 𝑇𝑇0 �2 − 𝑇𝑇𝑇𝑇0 ��  �                  (𝐵𝐵13) 
 
Assuming the term 𝐼𝐼𝑗𝑗 as 
𝐼𝐼𝑗𝑗 =  − �∆𝐴𝐴 �𝑙𝑙𝑛𝑛𝑇𝑇0 − 𝑇𝑇0𝑇𝑇  � + ∆𝐵𝐵𝑇𝑇02 �2 − 𝑇𝑇0𝑇𝑇  � + ∆𝐶𝐶𝑇𝑇026 �3 − 2𝑇𝑇0𝑇𝑇  � + ∆D2𝑇𝑇 ∙ 𝑇𝑇0 �2 − 𝑇𝑇𝑇𝑇0 ��         (𝐵𝐵14) 
 where 𝐼𝐼𝑗𝑗 is a parameter of the reaction which mainly depends on the temperature 
 
Substituting 𝐼𝐼𝑗𝑗 from equation (𝐵𝐵14) into equation (𝐵𝐵13) yields 
 
𝐾𝐾 = exp �− ∆H0o
𝑅𝑅𝑇𝑇
 − �∆G0o − ∆H0o
𝑅𝑅𝑇𝑇0
� + ∆𝐴𝐴(𝑙𝑙𝑛𝑛𝑇𝑇 − 1)+ ∆𝐵𝐵𝑇𝑇2 + ∆𝐶𝐶𝑇𝑇26 + ∆D2𝑇𝑇2 + 𝐼𝐼𝑗𝑗�        (𝐵𝐵15) 
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Appendix C 
Normalised LCA results of seven processes in the base case 
 
 
Figure C1 Normalised impact categories of the base case MSW combustion process (a) mid-
point categories (b) end-point categories. 
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Figure C2 Normalised impact categories of the base case MSW gasification process (a) mid-
point categories (b) end-point categories. 
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Figure C3 Normalised impact categories of the base case methanol synthesis process (a) mid-
point categories (b) end-point categories. 
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Figure C4 Normalised impact categories of the base case indirect DME synthesis process (a) 
mid-point categories (b) end-point categories. 
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Figure C5 Normalised impact categories of the base case direct DME synthesis process (a) mid-
point categories (b) end-point categories. 
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Figure C6 Normalised impact categories of the base case SOFC process (a) mid-point categories 
(b) end-point categories. 
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Figure C7 Normalised impact categories of the base case methanation process (a) mid-point 
categories (b) end-point categories. 
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